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FOREWORD

This report documents the unit operations models that have been
developed for typical refuse-derived-fuel (RDF) processing systems. These
models, which represent the mass balances, energy requirements, and economics
of the unit operations, are derived, where possible, from basic principles.
Empiricism has been invoked where a governing theory has yet to be
developed. Field test data and manufacturers' information, where available,
supplement the analytical development of the models. A literature review has
also been included for the purpose of compiling and discussing in one document
the available information pertaining to the modeling of front-end unit
operations.

This study was funded by the U.S. Department of Energy, Office of
Conservation and Renewable Energy, Energy from Municipal Waste Division,
through Argonne National Laboratory (ANL). Oscar 0. Ohlsson (Engineering
Division, ANL), who is principal investigator for the ANL Energy from Municipal
Waste Mechanical and Feedstock Preparation program, served as program manager
for this study.

a s &




13
i g el !M)_.
i aiiethod w4y L

) badavnl - #

et ety faa?!‘ﬂw
CERa oy uitd Yol ant

txuc anetamsobet S

AR e U Gpe yhatz SRNY
Ty siae el S it
’ B o T T snaopRk  dpootdl
" -._.‘3().,. E "”i ‘,} -

A . L7




REPORT SUMMARY

INTRODUCTION

TASK 2 REPORT:

TASK 3 REPORT:

TASK 4 REPORT:

TASK 5 REPORT:

TABLE OF CONTENTS

Review of the Literature: Modeling Unit Operations
for S R P0G eSS TG e o e e

Mass Balance and Energy Requirement Models: Size
Reduction, Air Classification, Trommel Screening,
Ferrous Separation, Densification, and Conveying

Economic Models: Size Reduction, Air Classification,
Trommel Screening, Ferrous Separation, Densification,
andl ConYeY g e e e e e,

Unit Operation Models: Mass Balance, Energy Require-
ments; and Economes . 5 s . s 5 . s e i skate e

vii

41

131

159







REPORT SUMMARY

The final report presents models for representing the key unit op-
erations used in solid waste front-end processing systems. Models are
presented for the mass balance, energy requirements, and economics of the
following operations:

Size Reduction

Air Classification
Trommel Screening
Ferrous Separation
Non-Ferrous Separation
Glass Separation

Disc Screening

Shear Shredding
Densification

Conveying

The models have been developed from first principles whenever pos-
sible and invoke empiricism in those cases where a governing theory has
yet to be developed. Field test data andvmanufacturers' information,
where available, supplemented the analytical development of the models.

In keeping with the objective of ultimately assembling the various
unit operation models into a resource recovery system model, the formats
of the inputs and outputs of each model have been structured in a form
that is compatible. A1l inputs consist of a matrix of type of component
(i.e., ferrous, paper, etc.) and component size classes. The representa-
tion of the model inputs in terms of components and their size distribu-
tion is a significant departure from previous modeling efforts in resource
recovery system analysis and represents a means of conducting meaningful
system analyses and optimization.
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INTRODUCTION

Within the resource recovery industry, there is a need for unit op-
eration models which, when integrated into a system model, would allow an
evaluation of the system design. System design is taken to include the
determination of the yields and quality of the different flow streams as
well as the associated system costs as a function of various operating
conditions. Model development in the past has been of such a form as to
preclude an easy, straightforward integration of different unit operation
models into an overall system model (i.e., aggregation of separate unit
operation models). Consequently, no generalized integrated system model
exists for front-end processing. System models that do exist are limited
to single-system configurations and do not integrate the mass balance,
energy requirements, and cost algorithms into a unified system model.

The main body of the report presents mass balance, energy require-
ment, and economic models for the following unit operations:

Size Reduction

Air Classification
Trommel Screening
Ferrous Separation
Non-Ferrous Separation
Glass Separation

Disc Screening

Shear Shredding
Densification

Conveying

In addition to the description of the mathematical equations that de-
scribe each unit operation, the geneology of each unit operation model is
discussed briefly along with the assumptions and limitations placed upon
the models. In the case of several of the unit operations, the lack of
an accepted governing theory, field test data, or both limited the devel-
opment of the models. In those cases, empiricism and our best engineer-
ing judgment were used to formulate a satisfactory model. Among the unit



operations that were modeled and for which theory and information are
lacking are numbered the shear shredder, disc screen, non-ferrous sep-
arator, and glass separator.

Cal Recovery Systems, Inc., under contract to Argonne National Lab-
oratory, was commissioned to develop state-of-the-art models for the unit
operations that typically comprise front-end processing systems. The
models, which have been developed and are presented here, represent the
mass balance, energy requirements, and economics of the unit operations
and are derived where possible from basic principles. In addition, for
the purpose of allowing the incorporation of the unit operation models
into a system model, the unit operation models have been structured so
that the form of the inputs and the outputs are compatible. The means
for accomplishing the latter goal consists of structuring the inputs and
outputs in a matrix format consisting of the types of components (i.e.,
ferrous, glass, paper, etc.) and their respective size classes. The
above format structure greatly increases the complexity and sophistica-
tion of the models and provides the basic structure for allowing compre-
hensive system analysis in the true engineering sense, i.e., system dy-
namics and performance can be assessed as a function of operating condi-
tions and feedstock composition.

Also included in the final report is a literature review for the
purpose of compiling and discussing in one' document the available infor-
mation pertaining to the modeling of front-end unit operations.

The final report is an assemblage of four task reports. The Task 2
Report presents the review of the literature. The Task 3 Report de-
scribes the mass balance and energy requirement models for the most com-
monly employed and the most studied unit operations in front-end proces-
sing, namely size reduction, air classification, trommel screening, fer-
rous separation, densification, and conveying. The Task 4 Report presents
the economic models for the unit operations described in the Task 3 Re-
port. In the Task 5 Report are described models for four of the less
commonly employed and less studied unit operations, namely shear shred-
ding, disc screening, glass separation, and non-ferrous separation. The
Task 5 Report presents models for the mass balance, energy requirements,
and economics of the above unit operations.
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Task 2 Report

REVIEW OF THE LITERATURE:

MODELING UNIT OPERATIONS FOR RDF PROCESSING
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1. INTRODUCTION

The literature review was undertaken to secure information and data
that would help to form a basis for the development of models for the
various unit operations used in RDF processing. The acquired information
will serve to complement the substantial in-house information and field
test data that CRS already had on hand at the initiation of the modeling
project.

Moreover, the review represents a compilation of Titerature whose
contents are applicable to the various aspects that bear upon the devel-
opment of models for unit operations. The aspects include the descrip-
tion of equipment and flow diagrams of specific processing sequences that
compose a given generic unit operation, the development of the basic en-
gineering principles and governing equations for describing specific unit
operations, and the acquisition of performance data and of cost informa-
tion for the purpose of verifying the validity of the models.

The Titerature review was specifically concerned with the above
aspects and consequently is not intended to be a comprehensive literature
review in the usual sense. The review is structured to allow readers to
locate, in an expeditious manner, published.information on subjects ger-
mane to the modeling of unit operations.

For particular unit operations (e.g., non-ferrous and glass separa-
tion), there is a substantial lack of technical engineering detail. In
those cases, the literature review describes the available information,
even though it may be of a general nature.

The review of the literature on RDF processing operations is or-
ganized under the following topics:

Size Reduction

Air Classification
Screening
Densification

Ferrous Separation
Non-Ferrous Separation
Glass Separation
Conveying




2. SIZE REDUCTION

The early research in refuse comminution for the most part was
along the lines of that followed in the mineral processing industry. The
tendency of this type of research was to treat MSW as a homogeneous and
brittle material as a first-order approximation. Among those active in
research in the mineral processing industry were Bond [1], Austin and
Kimpel [2], Charles [3], Schumann [4], Austin and Luckie [5], and Austin,
Luckie, and Klimpel [6]. The fact that only about 25 percent of MSW is
composed of brittle material was not taken into account at first because
no theories pertaining to the size reduction of non-brittle materials
were to be found in the mineral waste literature. The reason that the
"brittle material" theories cannot be successfully extended to MSW most
likely is the fact that MSW is a heterogeneous mixture of brittle and
non-brittle materials.

Literature dealing specifically with the modeling and characteriza-
tion of refuse size reduction dates from the research conducted by Trezek,
Savage, Shiflett, and Obeng at the University of California (Berkeley) in
the early 1970's. The researchers directed their investigations towards
the identification of the key parameters that characterize refuse size
reduction and their methods of measurement [7,8,9]. They developed math-
ematical relationships pertaining to degree of size reduction, energy re-
quirements, hammer wear, and moisture content in the size reduction of
raw MSW. Through the use of process modeling techniques developed in the
field of mineral processing and by the incorporation of the concepts of
selection and breakage functions, Obeng [10] sought to predict refuse
particle breakage by way of four different matrix models. Variations in
feed rate, moisture content, and number of stages of size reduction were
simulated by Obeng on the basis of data gathered in a 10 Mg/hr swing ham-
mermill shredder. The matrix method developed by Obeng was subsequently
extended by Shiflett [11] through the use of non-linear optimization tech-
niques and the application of the concept of residence time to determine
values for the selection and breakage functions for raw MSW. Shiflett
relied upon the 10 Mg/hr hammermill upon which Obeng based his work.



Neither Obeng's nor Shiflett's research made an allowance for correlation
of product size distribution with the energy required for size reduction
or with the internal configuration of the size reduction equipment.
Shiflett and Trezek [12] reported a first-order attempt to reconcile pro-
duction size distributions with variations in mean residence times by in-
troducing the concept of material "holdup" in the size reduction device
and incorporating the flowrate of material through the machine.

Results obtained by Savage and Trezek [13] in their investigation
of the influence of particle size and composition of the refuse feedstock
indicated that the specific energy increased markedly with an increase in
the particle size of the feedstock and the percentage of cellulosic ma-
terial. The influence of the particle size of the feedstock and of the
feedstock composition on specific energy requirements were also investi-
gated by Alter and Stratton [14] for certain materials (e.g., tin cans,
aluminum cans). Other than the reports by Savage and Trezek and by Alter
and Stratton, the literature is devoid of information on the comminution
of refuse components and on the effect of feedstock size. Excepting the
paper by Trezek, Savage, and Howard in Compost Science [15], no informa-
tion on the basic mechanical properties of refuse components is readily
available.

In contrast with the dearth of theoretical descriptions of the ref-
use comminution process, several papers are available that deal with
studies aimed at documenting the performance of commercial refuse size
reduction equipment. For example, Alter and Stratton [14] reported on
the performance of 11 different refuse shredders. Savage and Shiflett
[16] gathered and reported field test data on the product size, energy
requirements, and hammer wear for nine size reduction machines. In a
follow-up study, Savage, et al [17] examined the influence of machine
parameters (number of hammers, etc.) and number of size reduction stages
on product size, hammer wear, and energy requirements in the size reduc-
tion of refuse. Vesilind and Rimer [18] have reported on the performance
of a vertical hammermill in terms of product size characterization, ham-
mer wear, and energy requirements. Ruf [19] has analyzed the size dis-
tributions of refuse milled with a hammermill and with a rasp mi11. Ham
and Reinhart [20] have determined hammer wear and product size distribu-
tions for a vertical and for a horizontal hammermill.




Product size distributions, hammer wear, energy requirements, mois-

ture content, and the composition and particle size of the refuse feed-
stock have been identified during the Titerature search as key parameters

that characterize refuse size reduction.

An overview and a discussion of

the five parameters along with engineering design information and cost
data on refuse size reduction are given by Savage, et al in an engineer-

ing manual authored by them [21].

An overview of the fundamentals of

refuse size reduction is also presented in two books, one authored by
Diaz, et al [22] and the other by Vesilind and Rimer [23].
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3. AIR CLASSIFICATION

Most of the available literature on air classification consists of
reports on experimental work. For example, Senden [1] has investigated
and reported the effects of chamber geometry and air velocity on the sep-
aration process. Murray and Liddell [2] examined the effects of moisture
content and particle size of the air classifier-feed and of the feed rate
on performance as expressed in terms of percent Tights recovered. In a
paper presented at the Eighth Biennial National Waste Processing Confer-
ence, Murray [3] gives the efficiency of recovery of the 1ight fraction
for two tests carried out at the same input moisture content, particle
size, and flowrate. In their investigation, Musil and Scholz [4] used
two 1/4-scale model air classifiers (a zigzag and a rotary drum) to com-
pare experimental fluidizing velocities of different refuse components
with those predicted by theory. The important operating variables listed
by the authors were material feed rate and air velocity. With respect to
the rotary drum air classifier tested, Musil and Scholz identified angle
of inclination and rotational speed as also being important parameters.
Worrell and Vesilind [5] determined the variation of air classifier effi-
ciency with air speed for three different throat designs. For their
study, Worrell and Vesilind defined efficiency as being the product of
the fraction of light material in the overflow and the portion of heavies
in the underflow. This definition was also applied in a study by Vesi-
1ind and Henrikson [6] on the effect of feed rate on efficiency.

In a comprehensive study on the performance of seven full-scale air
classifiers, Hopkins, et al [7] investigated the ability of each unit to
concentrate light and heavy material in the respective streams at differ-
ent air-to-solids (infeed) ratios, and the energy consumed in doing so.
Other operating parameters investigated by the researchers were input

feed rate and average column velocity. Capital costs of the tested sys-
tems are given.

The modeling of the air classification process is the subject of
two publications. Senden and Tels [8] present a mathematical model that
can be used for deriving a relationship between separation efficiency and

12



the mean particle residence time in the air classifier. The model was
later modified by Henrikson [9]. In Henrikson's modification, the pro-
perties of the air classified 1ight fraction (moisture content, ash con-
tent, and heating value) are expressed in terms of air velocity. Yet an-
other model, i.e., a light-fraction model, has been proposed by Fan [10].

In their book, Diaz, et al [11] provide an in-depth review of air
classification that covers design and operational factors and air clas-
sifier costs. Among the important operational variables listed by the
authors are air-to-solids ratio, column loading (defined as material feed
rate divided by the column area), and air velocity. In the book, cost
information based upon data gathered by Chrisman [12], Even, et al [13],
and Fiscus, et al [14] is given for seven air classifier systems. In
their publication, Vesilind and Rimer [15] present graphs that show air
classifier efficiency, percent of material reporting to the Tight frac-
tion, and value of recovered materials as functions of air velocity.
Saheli [16] points out that the important air classifier design variables
are particle size and shape, air-to-solids ratio, particle terminal ve-
locity, and the ratio of solid density to fluid density.

The key operational parameters commonly identified in the litera-
ture are: solid particle size and shape, feed rate, air-to-solids ratio,
air velocity, and column geometry.
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4. SCREENING

4.1 BACKGROUND

Three types of screens have been employed in resource recovery ap-
plications, namely, flatbed screens, trommel screens, and disc screens.
Accordingly, the literature review on screening is structured in terms of
these three basic screen types. With regard to waste processing, most
publications on screening are on trommel screens.

Analytical work on screening applications in waste processing has
been reported in only a few publications. Reports on experimental and
field test work on screens used in waste processing can be found in a
somewhat larger number of publications, although the number is neverthe-
less relatively small. However, relevant publications in the general
literature on other screening applications and processes can be of value
in modeling resource recovery screening processes. Accordingly, the 1it-
erature review presented herein encompasses some key publications that
concern other screening applications and processes that can be related to
screening applications in waste processing.

A comprehensive literature review of screening, including individ-
ual summaries of the various publications, has been made by Glaub, et al

L1,

4.2 FLATBED SCREENING

The only publication regarding the use of flatbed screens in waste
processing is a paper by Savage and Trezek [2]. In their work, the ef-
ficiencies of screening shredded, air-classified 1ight fraction with a
flatbed screen were experimentally determined and compared to those ob-
tained with a trommel screen. A range of mass flowrates were tested, and
several modifications to the flatbed screen were examined. It was found
that the trommel screen substantially outperformed the flatbed screen.
Modifications to improve the performance of the flatbed screen did not
meet with success. In addition to the poorer performance, power consump-
tion was greater with the flatbed screen.
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A number of analytical models regarding flatbed screening processes
are presented in the Titerature. Although none of these publications are
directly concerned with screening municipal solid waste, most of the rela-
tions developed are broadly applicable. That is not to say that the theo-
retical models conform well with experimental results for all materials.
Moreover, many of the models only apply to certain shapes of materials
(e.g., spherical or granular) or to certain conditions in the screening
process (e.g., near the end of the screening process or the presence of a
well-mixed bed). Particle dynamics models for flatbed screening processes
are presented in Refs. 3 to 5. Screening rate models for flatbed screen-

ing processes are presented in Refs. 5 to 12.

4.3 TROMMEL SCREENING

The technical literature contains few publications on the utiliza-
tion of trommel screens in waste processing. The majority of such pub-
lications are experimental in nature, and only a few deal with the ana-
lytical modeling of the trommel screening process. Moreover, very few
publications on other applications of trommel screening have appeared in
the general literature.

A theoretical model for the screening rate in a trommel screen was
presented by Bodziony in 1960 [13]. According to Bodziony's model, the
screening rate for a given size fraction was equal to a screening rate
coefficient for that size fraction times the volume fraction of particles
in the fraction. No particle dynamics model was presented. Vorstman and
Tels presented a similar model, but altered the term for volume fraction
to surface concentration [14]. Their work was very much concerned with
the occurrence of particle segregation (i.e., demixing) in the trommel
screening process. Unlike the typical operation of trommel screens in
the U.S. in which the material is lifted and dropped, Vorstman and Tels
were concerned with the operation of trommel screens in kiln action. A
particle dynamics model was not presented by the two researchers.

Models for screening rate and particle dynamics were described in a
paper presented by Alter, et al at the ASME 9th National Waste Processing

Conference [15]. Their screening rate model was based on a simple
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probability of passage model that had been presented by many other re-
searchers. Their particle dynamics model was based on a model developed
by Davis for ball mills [16].

More recently, in a report to DOE, Glaub, et al [1,17] have devel-
oped and described models for screening rate and particle dynamics. On
the basis of a probability of passage model proposed by Gaudin [7] that
accounts for reflection of particles through apertures in a wire-mesh
screen, Glaub, et al, developed a probability of passage model in which
the reflection on a punched-plate screen is taken into account. (It
should be noted that all existing probability of passage models (includ-
ing simple and reflection models) have the shortcoming of being based
upon a spherical particle geometry.) Glaub, et al, also proposed a par-
ticle dynamics model that accounts for slippage of material on the screen
surface, and then proceeded to confirm the existence of slippage through
the use of photographic experiments. In their report to the DOE [1],
Glaub, et al describe the results of a variety of trommel screening ex-
periments, probability of passage experiments, and measurements of ma-
terial properties required as inputs to trommel screening models.

Transfer function models for screening processes were presented by
Trezek, et al in a report to the Electric Power Research Institute [18].
Their models include transfer functions for various waste stream compo-
nents and are given for pre-trommeling and post-trommeling processes.

Experimental data on trommel screening can be found in several pub-
lications. Of value to modeling the screening process are those data
that regard component and size mass balances. In Ref. 1, Glaub, et al
present component and size mass balances for trommel screening raw MSW
and shredded, air-classified 1ight fraction. Hennon, et al, give de-
tailed component and size mass balances for 60 field tests of a trommel
screen [19]. They conducted the tests, on a quarterly basis, over a one-
year period at the Baltimore County resource recovery facility. The
trommel was utilized to screen shredded, air-classified light fraction.
Trezek and Savage report component and size mass balances that were based
upon test data obtained at the University of California's Richmond Field
Station [20].

Bernheisel, et al, report on the component mass splits obtained in
two test runs with a pre-trommel at the resource recovery facility in New
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Orleans [21]. Campbell presented component and size mass balances for
five additional test runs with the New Orleans pre-trommel [22].

In a report on work performed for the DOE, Barton presents the re-
sults of field tests on two commercial trommel screens in England [23].
One trommel was used to screen raw refuse, and the other trommel was used
to screen shredded refuse. Component and size mass balances are reported
for the tests on one of the screens. Only the size distributions of the
splits are reported for the second screen. The unusual aperture shapes
and configurations of the screens render the reported data of little use
to modeling efforts.

Limited mass balance data also are presented by Woodruff [24] and
Woodruff and Bales [25]. Other publications in which are reported re-
sults obtained in trommel screening experiments are those by Savage and
Trezek [2], Douglas and Birch [26], and Warren [27].

4.4 DISC SCREENING

There is a paucity of information in the technical Titerature on
disc screening. Fiscus, et al [28] have reported the results obtained in
a field test conducted at the Ames resource recovery plant. Unfortu-
nately, they did not collect enough samples to develop a mass balance for
the screen or even to determine screening efficiency. Instead, fuel char-
acteristics and characteristics of the inputs to downstréam unit processes
are compared before and after the disc screen was installed. A qualita-
tive discussion of how a disc screen functions was presented by Hamilton
and Kelyman in Solid Wastes Management [29].
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5. DENSIFICATION

The need to densify biomass was encountered by the agricultural com-
munity long before it was felt by the producers and users of RDF. Conse-
quently, the early work on densification was done by agricultural engi-
neers who were seeking means for facilitating the handling and storing of
animal feedstuffs. The limited relevance of their findings to the densi-
fication of RDF is due to the fact that densified animal feed is signifi-
cantly different from RDF in several important aspects, among which are
the following:

1. Feedstuffs are mainly mixtures of grass, ground grain,
vegetable 0ils, and molasses. Under pressure, these ma-
terials tend to flow more easily than do paper and plas-
tic -- the main constituents of RDF. Furthermore, molas-

ses and other nutrient additives act as natural binding
agents for the densified feedstuff.

2. The density of a feedstuff pellet is equivalent to about
480 to 770 kg/m3. At higher densities, the pellets are
more difficult to masticate by the animals. RDF, on the
other hand, must be densified to about 960 kg/m3 in order
to ensure sufficient structural integrity.

Despite the differences between the two classes of materials, some
of the densification machinery used in agriculture (e.g., rotary disc and
roller type pellet mills) has been successfully used for RDF densifica-
tion with little or no modification. Consequently, research on densifi-
cation conducted by the agricultural community is of interest. However,
it should be pointed out that the research has tended to be aimed at pro-
ducing results for only a few sets of operating conditions and feed mix-
tures, rather than at developing a unified theory of the densification

process.

Bellinger and McColly [1] found that in densifying alfalfa hay into
a closed cylinder, an increase in the moisture content from 4.6 to 21.1
percent resulted in a decrease in the compressive energy from 3.9 kWh/Mg
to 2.8 kWh/Mg.

Pfost [2], working with turkey- and chicken-feed, found that the
energy required to form pellets was from 3.7 to 5.3 kWh/Mg. His
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attempts to correlate the temperature of the die with energy consumption
were of limited value, in that the range of temperatures attained was
from 80°F to 125°F -- much less than that encountered under production-
scale conditions with RDF. The addition of a calcium-based binding agent
increased the durability of the pellets and decreased energy requirements.

Dobie [3] observed that the pelletization of grasses and straw re-
sulted in a reduction of the roughage factor -- a development that is
desirable in feed for ruminants. The reduction in roughage is a result
of the substantial size reduction that occurs in pelletizing. He con-
cluded that high quality cubes could be formed through compression and
with the aid of various binding agents such as ammonium 1ignin sulfonate.
(He used a closed end cylinder in his study.)

The densification of processed refuse was modeled by Ruf [4]. He
found that in the range of about O to 1400 kPa, the density of typical
refuse in Gainesville, Florida could be predicted as,

Y = -107.5 + 365.7 log [(x1/6.9) + 6] - 4560 [log (x2x3/645)]/ (1)
(80 + x1/25.4) - 1.438 (x4 *xg t X * x7)

where:

Y = dry weight density (kg/m3)

X] = applied pressure (kPa)

X2 = mean particle size (mm)

X3 = standard deviation of the particle size distribution (mm)
X4 = percent composition of garden waste

X5 = percent composition of cardboard

X6 = percent composition of paper

X7 = percent composition of wood

This equation followed the general pattern characteristic of most soils,
in that the density is primarily dependent upon the logarithm of the ap-
plied pressure. Although Ruf's model can be used to model the behavior
of RDF in the early stage of compression, it is of limited value in mod-
eling a pellet-forming process. The reason for the limitation is that
pellet formation generally occurs at pressures of about an order of mag-
nitude greater than those used by Ruf.

Attempts to characterize the pelletization and cubing of RDF have
been made by the National Center for Resource Recovery (NCRR), the
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University of California at Berkeley (UCB), and Cal Recovery Systems,
Inc. (CRS). Much of the work has been sponsored by the U.S. Environmen-
tal Protection Agency (EPA). Hainsworth, et al [5], in summarizing the
results of tests at NCRR, present the following equation for predicting
the power required to pelletize RDF in a rotary die and roller type pel-
let mill:

EEt=shosbim + 218 (2)

where:

PC = power consumption (kW)
m = dry mass throughput rate (Mg/hr)

This equation is in severe conflict with other data presented by NCRR.

In a study conducted at the NCRR [6,7], it was found that the spe-
cific energy consumption by the pellet mill used in the study dropped
from 18 kWh/Mg to about 4 kWh/Mg as the mass throughput was increased
from 1.4 Mg/hr to 8.2 Mg/hr. At mid-range, the energy requirement was 6
to 7 kWh/Mg. The NCRR investigation involved the use of screened and air-
classified refuse. The particle size was less than 19 mm. The pellet
mill was rated at 9 Mg/hr and was powered by a 110 kW motor. Two sizes
of rollers were tried. To pelletize RDF at a given flowrate, less energy
was required with the 330 mm diameter rollers than with the 250 mm rol-
lers. Dies of two sizes were used, namely, 13 and 25 mm. A greater mass
throughput rate was possible with the 1argef die. A significant observa-
tion was that although it required more energy to pelletize the drier
material, the resulting pellets were denser and more durable than was the

case with the moister material.

The cost of densifying RDF was estimated to be about 32 per Mg in
1977. This cost included a maintenance expenditure of 10 percent of the
capital cost. The capital cost was about $400,000 for a 23 Mg/hr (out-
put) plant equipped with three pellet mills. Wiles [8], in reviewing the
NCRR results, noted that the useful Tives of the rollers and dies used at
the NCRR were 450 Mg and 900 Mg, respectively. He predicted that their
life-spans could be trebled by lowering the concentration of inert matter
in the RDF to 8 to 12 percent. He further noted that the expensive rol-
lers and dies could be reconditioned instead of being replaced.
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In their work at the NCRR, Arnold and Hendrix [9] found that 49
percent of the incoming raw wastes ended up in the RDF stream, inasmuch
as the remaining 51 percent had been removed in the air classification
and screening steps. The amount of mass lost in the pelletizing steps is
insignificant, whereas the density is increased by a factor of 20.

Results of research at the University of California at Berkeley
(ucB) [10] with the use of a 56 kW pellet mi1l rated at 2 Mg/hr through-
put for animal feed, showed that only 0.6 to 1.0 Mg of RDF could be den-
sified per hour. The machine could not process the material at a higher
feed rate, although the power consumption never exceeded 25 kW. When
screened Tight fraction was used as the feedstock, the specific energy
consumption ranged from 26 kWh/Mg to 133 kWh/Mg with a 19 x 76 mm die and
42 kWh/Mg to 190 kWh/Mg with a 25 x 127 mm die as the mass throughput
rate was increased from 0.1 to 0.6 Mg/hr. When the air classified light
fraction was densified, the specific energy consumption was lower at all

feed rates.

The specific energy consumption was found to fit the equation,

E-AnmP (3)

where:

Specific energy (kWh/Mg)
M = mass throughput rate (Mg/hr)

A and b are parameters that depend on the die and material.

Researchers at the UCB also used a single-die laboratory apparatus
to investigate the process of pellet formation and flow through a die
[10]. In the single-die study, the following three distinct phenomena
were identified: (i) pre-compression in which loose RDF is compacted;
(i) material deformation in which compacted material is deformed to fit
the shape and diameter of the die; and (iii) friction between the die
wall and the pellet being extruded. The first phenomenon is similar to
that studied by Ruf [4], in that the pressure varies exponentially with
the density. Material deformation was identified as the main contributor
to the energy consumption in the apparatus used. The apparatus deformed
material from an initial diameter of 25 mm to a final diameter of 13 to
19 mm. Friction appeared to conform to theory, according to which
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P = Py exp [4uL/D] (4)

where:
P = the pressure to overcome friction
Po = a constant
u = coefficient of kinetic friction
L = length of die
D = diameter of die

For conditions typically encountered with RDF, the constant Po was
found to be about 1000 kPa; and the coefficient of friction, about 0.1.
It was noticed, however, that in practice, a pellet stops and starts re-
peatedly while passing through a die. The coefficient of static friction,
typically about 0.16, may significantly contribute to the force opposing
pellet motion.

Other trends identified in the study were:

1. Increasing the moisture content by 1 percent resulted in a

drop in pressure requirement by about 200 kPa.

2. Temperature within the range of 70 to 200°F had no
apparent effect on energy requirements.

3. An increase in the fraction of newsprint in the feedstock
caused a dramatic rise in the pressure requirement.

In evaluating the utility of a Papakube densifier for the U.S. Navy,
CRS personnel [11] found that the typical specific energy requirements
were 8 kWh/Mg with 32 x 32 mm dies, and 9 kWh/Mg with 25 x 25 mm dies.
The respective feed rates were 6 to 12 Mg/hr and 3 to 10 Mg/hr. The en-
ergy for densification was about one-fourth the total energy required for
processing Navy waste (from raw waste to d-RDF).

Reed and Bryant [12] of the Solar Energy Research Institute (SERI)
summarized the state-of-the-art of biomass densification in 1978. They
cited data supplied by California Pellet Mill, Inc., which indicated that
at a production rate of 10 Mg/hr, about 15 kWh are consumed per Mg of MSW
pelletized. About twice as much energy is required to densify wood. The
SERI report included an analysis of the cost of adding a pelleting opera-
tion to an existing 300 Mg/hr (input) refuse processing plant. The break-
even selling price of the d-RDF was $21.60/Mg. The break-even price was
highly sensitive to local dumping costs and the plant capacity factor.
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6. FERROUS SEPARATION

The recovery of metals through the use of magnetic separation is
considered to be one of the more effective and economical, as well as the
simplest, of the unit processes employed in the resource recovery field.
Relative to other metals, iron and steel alloys have a very strong mag-
netic permeability. Therefore, magnetic metals can be removed from a
mixture of materials by passing the materials through a magnetic field
[1,3,10,11]. There are two general applications of magnetic separation:
(1) removal of unwanted magnetic metals from a feed stream; and (2) con-
centration of magnetic materials for reuse. Magnetic separation is a
well-established process that has been widely used for many years to con-
centrate iron ores and remove tramp iron from scrap [1,3,12,13].

The two major types of magnetic separators used in the solid waste
management industry are drum magnets and overhead belt magnets [4]. The
advantages and disadvantages of one type versus the other one have been
well discussed in articles by Handler and Runyon [6], Tobert [7], Alter,
et al [8], and Twichell [9].

With specific reference to the modeling of magnetic separation pro-
cesses, Trezek, Diaz, and Savage developed a first-order model of the
process using the concept of a transfer function and an average recovery
efficiency of 90 percent [14].

Typically, the magnetic drum is installed over the discharge end of
a conveyor or feeder or is suspended above the head pulley. Overhead
belt magnets usually are installed over conveyors that are used to trans-
port shredded refuse [4]. The actual location of the unit depends upon
the design of the plant. Typically, magnetic separation takes place di-
rectly after the raw refuse: (1) has been trommelled; (2) has been sized
reduced; or (3) has been air classified [2,4,11].

The theory of magnetic separation has been discussed and the param-
eters that affect the degree of separation have been described in several
papers and publications, among which are Refs. 11, 12, and 13. The abil-
ity of a magnet to attract magnetic metals is affected chiefly by: (1)
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the flux density; and (2) the rate of change of the flux density. Other
factors that must be considered in designing a magnetic metal separation
system are object size; distance between magnetic separator and object;
depth of burden; and the capacity, width, and speed of the conveyor belt
[1152213

Recovery efficiencies as low as 32 percent [2] and as high as 87
percent [8] have been reported. System costs have been reported as being
as high as $1920/Mg/hr [4] and as Tow as $1153/Mg/hr [2]. Simister and
Bendersky [2] report the energy consumption in magnetic separation as be-
ing as Tow as 0.3 kWh/Mg, whereas in a NCRR Bulletin [5] a consumption of
2.3 kWh/Mg is stated.
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7. NON-FERROUS SEPARATION

Generally, the mechanical recovery of aluminum from mixed municipal
solid waste requires a series of processing steps designed to size reduce
and produce a fraction that has a high concentration of aluminum. Typi-
cally, size reduction is combined with one or more steps of air classifi-
cation and magnetic separation in order to produce a relatively pure con-
centrate. The concentrate serves as a feedstock to an aluminum recovery
device [1].

The technology for recovering aluminum from MSW has evolved into the
following three basic techniques or systems: (1) heavy (dense) media; (2)
electrostatic; and (3) eddy current separation. Efforts to model aluminum
recovery systems in a resource recovery facility have not been reported in
the Titerature.

7.1 HEAVY MEDIA

In this system, separation is accomplished through the use of fluids
that have specific gravities greater than that of water. The specific
gravity of the fluid usually is adjusted through the addition of colloidal
solids. In this manner, specific gravities greater than 3.0 can be ob-
tained. Aluminum floats in material that has a specific gravity of about
2.6 and sinks in material that has a specific gravity of approximately 1.4
[2,3]. Generally, heavy media separation is preceded by water elutriation.
In water elutriation, water is forced upwards through the material to be
separated in order to produce an apparent specific gravity of between 1.0
and 2.0. Water elutriation has been found to be effective in the removal
of 1ight, organic materials. The removal of organic materials is very im-
portant, because its presence is conducive to the loss of heavy media
[4,5,6].

Historically, dense media separation has been used in the treatment
of mining residues. To be efficient and cost-effective, the process gen-
erally requires throughputs on the order of 10 to 25 Mg/hr [6].

The economic feasibility of using heavy media separation for re-
claiming aluminum from MSW is not clear. Michaels, et al [51 praiected a
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reasonable performance for a facility processing 50 to 100 Mg/hr of MSW.

At that time (1975), the authors estimated a capital cost of 2300,000 and
an operating cost of $0.3/Mg of MSW processed. Abert [2] states that if

it is done on a small scale, the initial cost of a heavy media system is

high.

Another approach in dense media separation takes advantage of the
properties exhibited by magnetic fluids. A magnetic fluid consists of
sub-micronic particles of a magnetic material suspended in a hydrocarbon
liquid base, such as kerosene or heptane. The imposition of a magnetic
field on the fluid can be used to adjust the apparent fluid density from
1.0 to about 20.0. Thus, separation of materials on the basis of density
can be achieved [6,14].

7.2 ELECTROSTATIC SEPARATION

Electrostatic separation is based upon the principle that charged
particles exposed to electrostatic forces respond to laws of attraction
and repulsion (Coulomb's Law). Thus, separation can be carried out by
electrically charging the material to be separated, and then attracting
it or repelling it with electrodes of opposite or like charge.

Experimental data indicate that 78 to 84 percent of the aluminum
can be recovered from the heavy fraction of an air classifier by means of
electrostatic separation [15]. .

7.3 EDDY CURRENT SEPARATION

Changes in the magnetic induction in a material result in the gen-
eration of a voltage in that material. In an electrical conductor, the
induced voltage generates current loops called eddies. The direction of
the current loops is a function of the intensity of the magnetic flux ap-
plied. If the flux is increasing, the direction of the Toops is such
that a magnetic field is generated that opposes the applied magnetic
field. On the other hand, if the flux is decreasing, the direction of
the eddy current generates a field that strengthens the applied field.

Four methods have been described for inducing eddy currents in met-
als. They are: (1) physically moving the material through a magnetic
field; (2) moving a magnetic field through the material by electrical
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phasing techniques; (3) moving a magnetic field through the material by
physically moving the magnet; and (4) temporarily changing the intensity
of the magnetic field in the material [16].

Studies have demonstrated that eddy current separation can be used
to recover aluminum from MSW. Among the key parameters that affect the
efficiency of the process are electrical resistivity, size and shape of
the aluminum items, and magnitude of the induced force [2,7,8,9,10,12,13].

There are three general types of aluminum recovery systems based on
the principle of eddy current separation [2,7,8,9,10]. In two of the
systems, linear induction motors are used. In the third system, separa-
tion is accomplished through the use of a permanent magnetic field.

In one system, material is fed onto a non-magnetic belt. The belt
travels over linear induction motors positioned beneath the belt. Alu-
minum is forced to one edge of the belt, whereas the path of the rejects
remains unaffected. The extent of aluminum recovery with this system is
relatively great, especially after two passes [2,7].

In another system, four magnets are used. Two of the magnets are
placed above and two below the conveyor belt. The unit operates such
that the first two magnets force the aluminum to one side of the belt,
and the second pair of magnets forces the material off to the opposite
edge. About 75 to 80 percent of the recovered fraction is aluminum. The
remainder consists of other non-ferrous metals (10 to 15 percent) and
organic matter (10 percent) [17]. Extent of aluminum recovery by means
of this unit is a function of feed rate.

Vertical eddy current separators have also been used. In such sys-
tems, the material to be segregated is allowed to fall through two paral-
lel banks of linear induction motors. As the material falls, the motors
are operated such that the magnetic field is moved upwards. As a result,
the metal is also forced upwards, thereby allowing its separation. This
system requires about 2 to 10 kW per Mg/hr. Results of experiments show
that 80 to 95 percent of the aluminum cans can be recovered [2]. The
efficiency of the system depends upon size of the aluminum particles and
feed rate [13].

A system to recover non-ferrous metals through the use of permanent
magnets has been developed [9,1]. The system has no moving parts and
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consumes no power. Basically, the unit consists of an inclined ramp in
which permanent magnet strips of alternating polarity are embedded. The
strips are placed at a 45° angle to the ramp's axis. The material to be
segregated is fed at the top of the ramp and is allowed to slide down the
ramp. Non-metallic particles are not affected by the magnet strips and
slide down unimpeded. The metallic particles, however, are deflected due
to the fact that they are moving through a magnetic field. Experimental
work indicates that a separator processing about 1 Mg of material per
hour can achieve a non-ferrous metal recovery efficiency greater than 70
percent; and that the purity would exceed 80 percent [9]. Key variables
that affect separation efficiency are electrical conductivity, size and
shape of particle, strength of magnetic field, coefficient of friction
between particles and ramp, and length and inclination of the ramp [9,18].
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8. GLASS SEPARATION

The literature on resource recovery includes several publications
that deal with the various systems proposed, tried, or presently in use
for separating glass from the municipal waste stream. However, any ef-
fort to model a glass sorting system in a resource recovery operation has
not as yet been reported in the literature.

In a resource recovery operation, glass separation usually (but not
necessarily) is preceded by certain unit processes, among which are size
and density classification and magnetic separation. For certain types of
glass removal systems (froth flotation), it may be necessary to size re-
duce the waste in advance of glass removal. Because a glass separation
system is comprised of a number of unit processes, the important vari-
ables can be identified only by considering each unit process separately.
If froth flotation is the method of separation, then size reduction is
added to the unit processes that precede the separation step.

8.1 FROTH FLOTATION

At the start of this section, it should be pointed out that most of
the information in the Titerature on the use of froth flotation systems
to recover glass is confined to process descriptions. Very few data are
given on the economics of the process and or mass and energy balances.

When glass separation is to be accomplished by froth flotation, the
flotation step is preceded by two steps or operations that are designed
to provide a glass-rich slurry. Named in the order of their application,
they are "jigging" and "slime" (fines) separation by a hydrocyclone. A
jig is used to separate the lighter particles from the heavier particles
in a mixture. Separation is a function of the differences between the
tendencies of the various types of particles to penetrate a pulsating bed
-~ in this case, water. Vesilind and Rimer [1] state that the important
material variables are the specific gravities of the components and to a
lesser extent, the sizes and shapes of the particles. Machine variables
are sieve size and the magnitude and frequency of the pulsating water
forces. Taggart [2] has developed a formula for the power consumption of
a jig in terms of sieve area and feed particle diameter.
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In the sequence, the function of the hydrocyclone is to separate
particles smaller than a selected size (i.e., 150 to 200 mesh) from the
slurry, which as a result of the jigging, now consists mostly of glass par-
ticles. According to Vesilind and Rimer [1], the most important variables
in the hydrocyclone process are the specific gravity and size distribution
of the solids particles, viscosity of the liquid medium, solids content of
the slurry, and rate of flow through. Important machine variables are the
diameter of the cyclone and the magnitude of the pressure drop.

McChesney and Degner [3] describe an approach to the recovery of
glass that involves the removal of organics by hydraulic separation, fer-
rous metal by magnetic separation, and heavy non-ferrous metals by heavy
media separation. The material remaining after the three separations is
crushed, screened, and then subjected to froth flotation. Possible feeds
to the glass recovery system are the air classified heavy fraction of
refuse and incinerator residue.

In the course of their article, McChesney and Degner discuss the
principles of froth flotation. According to the two researchers, impor-
tant process variables are rotor speed, rotor submergence, "pulp" condi-
tioning, and residence time. ("Pulp" is industry jargon for pulverized
glass.) The term "conditioning" refers to the adding of reagents to the
froth flotation feed. The additions affect the surfaces of the glass
particles such that they become hydrophobic. Because of the change in
surface characteristic, the glass particles adhere to air bubbles gene-
rated in the liquid in the flotation cell and are thus carried by the
bubbles to the surface and become a part of the froth that is formed.
The froth with its burden of glass is skimmed off and suitably treated.
The heavy inerts that are not glass sink to the bottom of the vessel.

McChesney and Degner state that separation is most complete when
the glass particles in the flotation feed have a size distribution of -28
to +150 mesh. Solids content of the feed should be in the range of 25 to
35 percent. McChesney and Degner maintain that if properly done, froth
flotation can result in a product that is 99 percent glass.

Gershman [4] indicates various flowrates in a process diagram of a
glass recovery operation in which froth flotation is used. Duckett [5]
has described the froth flotation process in use at the NCRR Equipment
Test and Evaluation Facility.
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The froth flotation research conducted by the Bureau of Mines is
the subject of a paper by Heginbotham [6]. Heginbotham describes batch
flotation tests that were carried out to evaluate the effectiveness of
various cationic collectors (i.e., pulp conditioners). As a part of the
description, he mentions the cost of the collectors. He reports the re-
sults of the operation of a pilot plant in which 4 Mg of glass-rich
aggregate were obtained from urban refuse.

Morey and Cummings [7] describe the Garrett glass recovery process,
a system that is based upon froth flotation. In their paper are pre-
sented estimates of what the incremental capital and operating costs of a
froth flotation glass recovery system would be if it were a part of a
2000-Mg/day pyrolysis plant. Capital costs would amount to $452,000, and
operating costs would be %6/Mg of glass recovered (1972 dollars).

8.2 OPTICAL SORTING

As its name implies, optical sorting is based upon the utilization
of a photocell to distinguish glass from nonglass. Significant material
variables in optical sorting are particle size and 1ight transmission
characteristics. The optimum particle size is rather large, namely, 6 to
19 mm.

In his publication, Berghman [4] also briefly describes a demon-
stration plant at Franklin, Ohio, in which optical sorting was used.
However, the test facility is described more completely in a publication
by Garbe [8]. The material that is processed in the test facility at
Franklin, Ohio, is the heavy fraction from a liquid cyclone. The source
of the heavy fraction is refuse that has been hydropulped and passed
through a magnetic separation system. After mechanical dewatering, par-
ticles less than 6 mm in size are removed by means of a vibrating screen.
The retained material is subjected to magnetic and heavy media separation,
jigging (to remove aluminum), drying, and electrostatic separation (to
remove any remaining metals). The dried material remaining after all of
the preceding separatory steps is ready for photocell sorting.

The first step in the optical sorting process is based upon the
transparency of glass. In this step, glass is separated from ceramics
and rocks. The second step is based upon differences in color. In this
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step, glass is sorted into three colors, namely, amber, green, and flint
(no color). Tests conducted for the U.S. EPA indicated that slightly
more than 60 percent of the glass fed into the recovery system could be
recovered [9]. According to Garbe [8], the projected capital and operat-
ing costs of a glass recovery sub-system in a 1000 Mg/day facility would
be respectively $2,430,000 and $1.23/Mg of MSW.

Optical sorting is carried on at the resource recovery facility in
Doncaster, England [1]. In the facility, the glass separation circuit
receives raw refuse (0.5 to 1.5 in. particle size) and screened, air
classified heavy fraction that has been exposed to magnetic separation.
Organics and non-ferrous materials are removed with the use of modified
stoners followed by a rising-current separator and dewatering. The mate-
rial thus treated is subjected to optical sorting.
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9. CONVEYING

Design information and experimental data are available in the Tlit-
erature on conveying. However, nothing has been published on the model-
ing of a conveying process.

The Conveyor Equipment Manufacturers Association [1] has published
a comprehensive design manual for belt conveyors. In the manual, it is
pointed out that the important properties and characteristics of bulk ma-
terials in terms of conveyability are size, bulk density, angle of repose,
and abrasiveness. Belt width, speed, and angle of inclination are among
the important operational parameters listed. Methods for determining
capacity and power requirement are given.

In a chapter written for the Handbook of Mineral Dressing [2], Behre

described the conveyors utilized in the mining industry. His description
covers the belt, pan, apron, flight, bucket, and screw conveyor types. In
addition to a discussion of the important material properties and opera-
tional variables, the chapter also presents empirical formulas that can be
used to determine conveyor capacity and power requirements. Because the
Handbook was published so Tong ago (i.e., 1945), the cost of belt conveyor
systems presented in the chapter must be taken in that context.

Experimental work involving conveying of processed refuse fractions
has been carried out and reported by Khan, et al [3]. Properties of the
materials conveyed including bulk density, angle of repose, and angle of
maximum inclination were measured; and belt, vibrating pan, and apron
conveyors were tested. The rate of spillage from the belt and vibrating
pan conveyors was measured at a variety of mass flowrates and belt veloc-
ities. In tests with the apron conveyor, maximum carrying capacity was
measured as a function of conveyor velocity and inclination. In the same
research program, a plan for testing a pneumatic conveying system for
transporting solid waste fractions was developed [4]. Principal opera-
tional parameters listed are air velocity, solids-to-air ratio, and duct
diameter. Material size and shape, composition, moisture content, bulk
density, angle of Fepose, and abrasiveness are the key material proper-
ties and characteristics indicated. A method for determining the total
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system pressure drop is presented. The article includes information on

the cost and sizing of a conveying test.

9cl
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PREFACE

The Task 3 Report presents the models for the mass balance and en-
ergy requirements for the following generic unit operations:

Size Reduction

Air Classification
Trommel Screening
Ferrous Separation
Densification
Conveying

Also presented in the report are the derivations of the models and

their limitations.

In those cases where test data are available, calcu-

lations are presented to illustrate the use of the models and their

accuracy.
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1. SIZE REDUCTION MODEL

1.1 BACKGROUND

The size reduction of solid waste is employed primarily for three
reasons in the field of resource recovery. First, shredders reduce the
size of large items so that the material can be handled efficiently by con-
ventional processing and material handling equipment. Secondly, shredders
liberate and expose materials so that they can be separated and recovered.
Lastly, in those cases where final particle size is of importance (e.g.,
RDF preparation), size reduction can be employed to produce the required
top size.

The size reduction model is formulated to describe the product size
distribution and energy requirements associated with solid waste comminu-
tion under given conditions of feed size distribution and of machine con-
figuration. The model is structured to simulate refuse comminution as a
function of the type of components comprising the feedstock. The size
reduction model for municipal solid waste has been developed to simulate
the performance of horizontal hammermills. Horizontal mills were chosen
for several reasons. First, they represent the major category of equip-
ment used in refuse size reduction. Secondly, hammermills have been the
subject of previous modeling efforts in the area of refuse comminution
[1,2,3]. Lastly, there exists in the case of horizontal hammermills a
substantial amount of field test data.

The basic block diagram for the hammermill shredder model is shown

in Figure 1.1.

1.2 DEVELOPMENT OF MASS BALANCE MODEL

1.2.1 Description of Model

The solid waste size reduction model has been developed using the
concept of linear, size-discrete comminution kinetics. The approach has
been followed previously by a number of researchers in the field of min-
eral comminution. With regard to the development of a model for the size
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reduction of solid waste, the linear, size-discrete approach allows con-
venient matrix representation of the process. Thus the representation is
amenable to simulation by digital computer. In the development of the
size reduction model, the governing equations of comminution are derived
initially from the consideration of the batch milling process and are
subsequently extended to continuous steady-state milling by invoking the
concept of the residence time distribution of material within the mill
cavity.

The governing relations are developed for a single-component ma-
terial and extended to multi-component size reduction through the assump-
tion of linearity, i.e., the breakage behavior of each component is con-
sidered to be independent of the presence of other components. The model
computes the size distribution for each component. The cumulative size
distribution for the mixture is computed as the sum of the products of
the component size distributions and their respective mass fractions
present in the feed.

The model uses the concept of selection and breakage functions to
describe the breakage of material within the size reduction device. The
use of the functions allows different types of size reduction devices to
be modeled inasmuch as both selection and breakage events are governed to
a large degree by the internal geometry of the mill and by its operating
conditions. In addition to the machine parameters, the properties of the
material also influence its breakage within the mill.

1.2.2 Important Assumptions

The important assumptions used in formulating the size reduction
model are recapped below:
1. The throughput is constant. Therefore, size reduction is
accomplished under steady state conditions.

2. The breakage behavior of each component is independent of
the presence of other components.

3. S1 and Bjj are independent of size class and time. There-
fore, the cumulative breakage function can be normalized
for each size class of the feed, and the kinetic model is
linear with constant coefficients.

4. The values of the cumulative breakage function are repre-
sented by the relation,
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LIt
where:
K1 and a are constants;
S1 - the selection function value for the top size
class; and
X = mass fraction in a given size class.

5. Residence time (t) is related to mass throughput (Q)
according to an equation of the form,

1=a0b

6. A1l size classes for a given component have identical
residence time distributions.

1.2.3 Governing Theory

The linear, size-discrete matrix model for size reduction is formu-
lated by dividing the feed into discrete narrow size classes. Establish-
ing a mass balance on the material in each size interval results in the
following relation [4] for open-circuit batch milling,

(H mj(t)) i-1
d S Sj Hmj(t) + jil bij Sj H mj(t) (1)

where:

mi(t) = mass fraction in the ith size class;

H = total mass of material in the size reduction device at
time t;
G = fractional rate at which material is broken out of the

ith size class; and

= fraction of material in the jth size class that appears

[y
1 in the ith size class.

Invoking the assumption that Si and b1j are independent of size class

and time, Eq. 1 may be rewritten in matrix notation for the complete en-
semble of size classes,

[Hm(t
d f‘%—)]: - [1-B] S H m(t) (2)
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where:

I = identity matrix;
selection matrix; and

breakage function matrix.

In steady-state operation, the mass of material in the size reduc-
tion device is constant. Thus, for steady-state conditions Eq. 2 becomes,

[m(t)]
dt

d

= - [1-B1 S m(t) (3)

for which the analytical solution is,

mp(t) = exp [—(;—g) i t] mp(o) (4)
where:

mp(o) = initial mass of material in the mill.

The subscript b denotes that the solution is for batch comminution.

In the case where no two selection functions are equal, the term

exp [-(I-B) S t] can be simplified by a similarity transform [5]. Thus,
Eq. 4 is transformed to give,
my(t) = T J(t) Ifl mp (o) (5)
where:
0 i<
Tij =1 i=j
et S_—S_b"ksk S,
k=j § =)
Jij(t) = exp (—Sit) i=j
0 itj

Inasmuch as a continuous size reduction relation is sought for the
refuse comminution model to be developed here, the batch comminution re-
lation (Eq. 5) must be extended to continuous milling. The extension is
made using the concept of residence time distribution [3]. The residence
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time distribution is defined as the mass of material of a given size that
is contained within the size reduction device as a function of time. If
it is assumed that a single residence time distribution characterizes all
of the particle size classes, the steady-state size distribution from the
mi1l can be represented by an average of the batch responses weighted
with respect to the residence time distribution, i.e.,

mp = I m (t) R(t) dt (6)

where:

residence time distribution; and
product under continuous milling conditions.

R(t)
cp
Substituting the transformed relation for mb(t) (d=essREq-a5)

into Eq. 6 yields,
mep = L Jy 3(t) R(t) dt] T-1 meg (7)
where:

m.g = mass fraction of the feed material in continuous mill
operation.

The integrand in Eq. 7 is commonly expressed in terms of the dimen-
sionless time variable, e = t/t, where t is the mean resident time and is
the quotient of the mass of material held within the mill and the through-
put. The mean residence time t is assumed to be related to the through-
put (Q) through an equation of the form [6],

T = aQb (8)

a and b are constants that represent the characteristics of the
mill.

Expressing Eq. 7 in terms of e yields,

Mg = T Jc(7) T-1 mpe (9)
where:

Jcij(r) = L? R(e) exp (-S;te) de =3

0 i4]
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To model refuse size reduction devices, the continuous open circuit
relation given in Eq. 9 has been modified by the addition of an internal
classifier function [4]. The classifier represents the openings (or
clearance dimension) that restrict the flow of material through the mill
until the size of the particles is less than the size of the openings.
The steady-state description of the refuse size reduction device follows
from Eq. 9 and a mass balance on the size reduction equipment [6]. A
representation of the size reduction circuit is shown in Figure 1.2.
Since under steady-state conditions the infeed and discharging rates are
identical, the governing relation for closed circuit size reduction is

mp = [1-C1 T Je(x) T-1 [I-C T ge() T-11-1 mg (10)

The size discrete selection function describes the mass fraction
within a discrete size class that is selected for breakage. In the ref-
use size reduction model a value (Si) is chosen for the mass fraction
selected for breakage in the top size class. The values of the selection
function for the smaller size classes are computed from the cumulative
breakage function.

The estimation of the breakage function follows from two assump-
tions. First, the size reduction process is linear, i.e., the values of
the breakage function are independent of the size distribution of ma-
terial in the mill. Secondly, the size discrete breakage function can be
normalized, i.e., for material breaking into smaller size classes there
is a constant ratio of breakage values that is dependent upon the ratio
of the successive size intervals.

The size reduction model uses a breakage function relation pre-
sented by Epstein [7] for mineral comminution and used by Shiflett [3,6]
to model refuse size reduction,

2
Kl[ X; ]u/Z

B, = : . S (11)
1575 %5 K5

where:
X = size class; and
K1 = an invariant constant.
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Inasmuch as the cumulative breakage function value for the top size
class is constrained by the mass balance to a value of unity, the value
K1 [Xi/(xj Xj+1)]a/2 has been set equal to Sl in the size reduction
model for each of the top size classes. The imposition of the above con-
straint is a departure from the constraints imposed by Shiflett [3,6].
The constraint, however, is a necessary one in order to uphold the con-
servation of mass.

The computation of the cumulative breakage function values requires
that a be specified. For the present model « is chosen, in addition to
the Sl value, to give an empirical fit between a set of measured product
size distributions and the set of predicted values. In the case of MSW,
the goodness-of-fit is constrained by the form of Eq. 11.

Based upon the limited amount of test data [8] for the size reduc-
tion of ferrous metal and newsprint, values of S1 and o have been empir-
ically determined. The values are reported in Table 1.1. Values of S1
and o for other components must be estimated due to the Tack of experi-
mental data.

Table 1.1. Values of S; and a Chosen for
Ferrous Metals and Newsprint

Component Sy a
Ferrous Metals =9 1.4
Newsprint 0.35 1.4

The following is a listing of the key inputs to the size reduction
model :

- Number of Components

- Number of Size Classes

- Number of Residence Time Intervals

- MSW Composition

- Size Class Designations

- Classifier Function Values

- Residence Time/Throughput Equation Constants by Component
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- Alpha (a) Values by Component

- Sl Values by Component

- Residence Time Distribution by Component

- Component Feed Size Cumulative Percent Passing Values
- Throughput

A detailed flow chart of the size reduction model is shown in Figure 1.3.

Utilizing the available component experimental test data, a compar-
ison of actual and predicted product size distributions has been prepared
for ferrous metals and newsprint. The comparisons are presented in Fig-
ures 1.4 and 1.5 along with the pertinent input data. Entries denoted
"9999" are default values used where division by zero occurs.

1.3 ENERGY REQUIREMENTS

The energy model for refuse size reduction is characterized in terms
of components, similar to the development of the mass balance model. The
approach is made possible due to a limited amount of component data col-
lected previously by Savage [8] and an extension of an empirical repre-
sentation of size reduction energy requirements developed previously for
raw MSW and selected RDF fractions [9].

The governing relation is cast in terms of the specific energy
(Eo, kWh/Mg) required to achieve a given degree of size reduction (Z).
The parameter Z is expressed in terms of the characteristic size of the
feed (FO) and of the product (PO). The values of Fo and Po’ respectively,
are numerically interpolated from the input feed size data and the pro-
duct size distribution calculated by the size reduction model. The gen-
eral form of the energy equation is,

B
St o (12)

where:
A and B are empirically determined coefficients; and

74 = (FO-PO)/F.

(The characteristic size is that size corresponding to 63.2 percent cum-
ulative passing.)
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SIZE REDUCTION SIMULATION SUMMARY

COMPONENT=1 MAX. SIZE CLASS=30.5
NSW @ (TPH)=1,84 MIN. SIZE CLASS=.0338
COMPONENT MF=, 4783 K1=1.023

COMPONENT AC (TPH)=.8801

51 = .9

GRATE OPENING=5.1 ALPHA=1.4

RESIDENCE TIME (5)=9.7582
TR=3. 6#A1#QC*B1

=3.6 (3.08) (.880072) * (1)
R(TH) CURVE AREA=17.76

FEED INFORMATION FREREReRpasaeeets PRODUCT INFORMATION #E#Essussissssbsstses

SCREEN  MASS LT e MASS FRACTION------ ----- CUMULATIVE % PASSING-----
SIZE FRACTION PASSING CALC'D  MEASURED ZXERROR  CALC'D  MEASURED ZERROR
30.5 0 1 0 0 9999 1 1 0

25.4 0 1 0 0 9999 1 1 0

20.3 068 932 0 0 9999 1 1 0

12,7 183 J8 0 0 9999 1 1 0

10.2 219 33 0 0 9999 1 1 0

3.1 33 0 . 3869 155 -149.6185 6131 .B4S 27.4448
2.5 0 0 2127 545 60.977  .4004 3 -33.472
1.6 0 0 74 229 23,9553 .2263 .0m -218.6952
.95 0 0 .098 036 -172.313 .1282 .035 -266. 4026
.51 0 0 L0775 013 -495.8825 . 0508 .022 -130.8009
27 0 0 .0292 6E-03 -386.5173 .0216 016 -34.9072
135 0 0 .0108 016 32,739 .0108 0 9999
L0675 0 0 3.9E-03 0 9999 4.9E-03 0 9999

0338 0 0 4.96-03 0 9999 0 0 9999

Figure 1.4, Size Reduction of Ferrous Metals
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SIZE REDUCTION SIMULATION SUMMARY

COMPONENT=0 NAX. SIZE CLASS=30.5
MSW @ (TPH)=1.84 MIN. SIZE CLASS=.0338
COMPONENT MF=,5217 K1=.3978

COMPONENT BC (TPH) =, 9599

51 =.35

GRATE OPENING=5.1 ALPHA=1.4

RESIDENCE TIME (5)=50.1978
TR=3.6#A1#0C*B1

=3.6 (14.78) (,959928) * (1.424)
R(TH) CURVE AREA=17.76

FEED INFORMATION  ##sssssesressesss PRODUCT INFORMATION ###Efbessissdisssisess

SCREEN ~ MASS QiR HASS FRACTION-———  —= CUMULATIVE 1 PASSING-----
SIIE FRACTION PASSING CALC'D  MEASURED XERROR  CALC'D  MEASURED XERROR
30.5 034 .966 0 0 9999 1 1 0

25.4 . 366 N 0 0 9999 I 1 0

20.3 .925 075 0 0 9999 1 1 0

12.7 075 0 0 0 9999 | 1 0

10.2 0 0 0 0 9999 1 1 0

5.1 0 0 146 .039 -274.2957 .B54 .961 11,1317
2.5 0 0 . 3469 315 -10.1117 .5072 646 21,4903
1.6 0 0 L2291 .399 42,5923 .2781 247 -12.5975
75 0 0 1338 176 23,9685 , L1443 07 -103.24
31 0 0 .0826 . 049 -68.5394 . 0617 .022 -180.5278
2] 0 0 L0341 011 -210.0641 .0276 011 -150.9915
135 0 0 L0146 011 -32.345  .0131 0 9999
L0675 0 0 7.3E-03 0 9999 5.8E-03 0 9999
L0338 0 0 5.86-03 0 9999 0 0 9999

Figure 1.5. Size Reduction of Newsprint
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From a 1imited amount of experimental data, the coefficients A and
B for the case of ferrous metals and newsprint have been empirically de-
termined. The energy equations are presented in Table 1.2. Values of

Table 1.2 Energy Requirements for Size Reduction
of Selected Waste Components

Specific Energy, Eq

Component (kWh/Mg)
1.3

Ferrous Metals 30.2 ZO

Newsprint 15.8 Zol‘5

the coefficients A and B for MSW components other than ferrous metals and
newsprint cannot be verified due to a lack of experimental test data.

A comparison of the predicted and actual energy requirements for
the size reduction of ferrous metals and newsprint is presented in Table
1.3 using the available test data.

Table 1.3. Comparison of Predicted and Actual Energy
Requirements for the Size Reduction of Selected Components

Specific Energy, Eoi

Fo Po (kih/Mg) Percent

Component (cm) (cm) Z Predicted Actual Error
Ferrous Metals 11.3 Ger 84505 12.3 12.0 2.4
Newsprint 25,7 3.4 0.9 12.9 1357 6.2

Assuming linearity, the total specific energy requirement, EO, is
represented by the relation,

n
Eo = iz (Egj)(mfy) (13)
1=

60



where:

1.4

n

number of components;

EOi = specific energy requirement for a given component; and
mfi mass fraction of component i in the feedstock.

n
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2. AIR CLASSIFICATION MODEL

2.1 BACKGROUND

Air classification can be used to separate organic and inorganic
materials in the processing of refuse as a feedstock for fuel preparation,
fiber recovery, or composting. Air classification separates the heavy
items in the waste stream, such as glass, metals, rock, leather, rubber,
and dense plastics from the light items in the waste stream, such as
paper and plastic. Some organic components with a high moisture content,
such as yard waste, food waste, and wet paper, also typically report to
the heavy fraction.

Air classification involves the passing of an air stream through
the refuse stream in an enclosed chamber. Usually, the refuse is shred-
ded prior to the air classification stage. Separation of particles is
achieved as the result of the interplay of drag forces and gravitational
forces. Particles with a high drag-to-weight ratio are carried away in
the "light fraction," and particles with a Tow drag-to-weight ratio fall
to the "heavy fraction." A simplified block diagram of an air classifi-
cation process is presented in Figure 2.1.

The various air classifier designs can be categorized into three
groups, namely, vertical, horizontal, and inclined. Vertical air clas-
sifiers are by far the most common type employed for refuse processing.
Accordingly, air classification modeling efforts focused on the vertical
design.

Air classification has been applied at a variety of positions in
the RDF processing line. High quality fuels have been produced by proc-
essing schemes which employ air classification near the beginning, in the
middle, or near the end of the processing line. Thus, the positioning of
the air classifier in RDF processing schemes appears to be flexible, pro-
vided that the air classifier design and operating conditions are matched
to the air classifier infeed conditions.

The key parameters that influence the performance of an air classi-
fier include the air flowrate, the solids (refuse) flowrate, the cross-
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sectional area of the air classifier, the column velocity, the feedstock

composition, the feedstock moisture content, the size distribution of the
feedstock, and the air density. Of these parameters, usually operational
control can only be exerted over the air flowrate and the solids flowrate.

The air-to-solids ratio is defined as the ratio of the air and sol-
ids flowrates. This ratio has been demonstrated in numerous field tests
to significantly affect the performance of an air classifier. There has
been shown to exist a critical air-to-solids ratio above which the Tight
fraction and heavy fraction splits are essentially constant and below
which the percentage of material reporting to the light fraction drops
of f sharply. This point of transition is often referred to as the "chok-
ing" point.

Development of test methods for evaluating air classifier perfor-
mance is only now taking place. One major reason for the lack of devel-
opment of test methods is the vagueness in defining "light" and "heavy"
materials. Some efforts have been made to devise performance parameters
in terms of the recovery of paper and plastic and in terms of retained
ash in the Tight fraction; however, these infrequently used parameters
have Tittle bearing on the system model developed for air classifiers in
the present work. The model was tested in regard to: (1) its ability to
predict the light fraction and heavy fraction splits; and (2) its ability
to predict the Tight fraction and heavy fraction composition as compared
to measured air classifier field test data.

2.2 DEVELOPMENT OF MASS BALANCE MODEL

2.2.1 Description of Model

The air classification model has been developed for a vertical air
classifier. Based upon a given component size distribution of the feed
to the air classifier, the component size distributions of the light
fraction and of the heavy fraction are predicted. The governing rela-
tions that determine the predictions are functions of the following par-
ameters: air flowrate, refuse flowrate, cross-sectional area of the air
classifier, air density, material density, particle size, and particle
shape. Accordingly, these parameters, along with the component size dis-
tribution of the feed, are the inputs to the model that was developed. A
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diagrammatic illustration of the air classifier model is shown in Figure
225

Whether a particle that enters the air classifier will be carried
by the flowing air stream to the 1ight fraction or whether it will fall
to the heavy fraction is determined by the forces exerted upon it. The
two dominant forces acting upon the particle are the gravitational force
and the drag force. The air velocity at which the drag force is equal to
the gravitational force is referred to as the "terminal velocity." At
this condition, the particle will neither settle nor rise, but rather
will float in the column of air. It follows that if the air velocity is
greater than the terminal velocity of the particle, the particle will be
carried to the light fraction stream. Conversely, if the air velocity is
less than the terminal velocity of the particle, then the particle will
fall to the heavy fraction stream.

The core of the air classification model is the determination of
the terminal velocity for each component and size element in the feed
matrix and the subsequent comparison of that terminal velocity to the air
velocity. The drag force on a given particle may be expressed as,

2
D = 0.5 CD Axp Pa Vo (1)
where:
D = drag force;
CD = drag coefficient;
Py = air density;
Axp = cross-sectional area of the particle; and
V0 = column velocity.

The column velocity is defined as

xac
where:
Qa = volumetric air flowrate; and
Axac = cross-sectional area of the air classifier.

The gravitational force on the particle is given by
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W=>p_Yg (3)

where:

W = gravitational force (i.e., weight);

= particle density;
particle volume; and

g = gravitational acceleration.
At equilibrium between the drag force and the gravitational force,
D=W (4)

Substituting Eqs. 1 and 3 yields

OEE A » V2=pSYg (5)

Datxp “a "o

Solving for the terminal velocity, V¢,

2 o.Yg .5
tyis C"AET 54
D"xp"~a
Thus, in order to calculate the terminal velocity for a particle,
values must be determined for the particle density, the particle volume,
the drag coefficient for the particle, the cross-sectional area of the
particle, and the air density. The air density is a straightforward
input. Similarly, the particle density can also be stated for a given
component. The drag coefficient, particle volume, and particle cross-
section are functions of the particle shape.

Four generic particle shapes were utilized in the air classifica-
tion model: flakes, cylinders, splinters, and irregular-shaped particles.
Irregular-shaped particles are generally modeled as cubes. The charac-
teristics of the various particle shapes are summarized in Table 2.1.
Modeling of the parameter values for these shapes is based upon informa-
tion presented in Ref. 1. It has been shown that for the range of Rey-
nolds numbers commonly encountered in air classifying shredded refuse,
the drag coefficients for the particle shapes listed above are approxi-
mately constant. The estimated coefficients are 1.0 for plate-type
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Table 2.1, Cparapteristics of Particle Shapes
Utilized in Air Classification Modeling

Cross-
Drag sectional
Particle Aerodynamic Dimensional Coefficient Area
Designation Model Characteristicsa (Cp) (Axp)
Flake Flat Plate t << L 1.0 L2
Cylinder Cylinder R 0.7 LD
Splinter Cylinder ESsS190 0.9 LD
Irregular Cube A1l sides of 0.8 20'5L2

equal L

a8 L = length; t = thickness; D = diameter.

particles, 0.7 for cylindrical particles, 0.9 for splinter-type parti-
cles, and 0.8 for cubical particles. Material properties and typical

terminal velocities calculated for various waste components are presented
in Table 2.2.

In order to account for the variations in particle characteristics
(e.g., drag coefficients, densities, projected areas, and volumes) in a
given component size category, a statistical formulation was employed in
the model. It was assumed that the variations in particle characteris-
tics in a given component size category follow a Gaussian distribution.
The frequency function for the Gaussian distribution of the terminal
velocity is given by

2 2
f(Vt) g 1 e-(Vt - VE) /2 ¢

(7)
o (27)°°

where:

Vt = the terminal velocity of a given particle;

"

the average terminal velocity for the component size class;
and

[0}

the standard deviation.

Utilizing the standard normal variate, Z, given by

- (8)
68



69

Table 2.2.

Velocities for Various Waste Components

Material Properties and Typical Terminal

Typical Terminal Typical
Moisture Particle Characteristic Velocity (m/s) Terminal
Waste Content Density Particle Dimension as a function of Velocity
Component (percent)  (kg/m3) Designation (t or L)(mm) torlL in mm (m/s)
. 2 0.5
Newsprint 10 560 Flake 8.9 x 10 3.0t 0.9
40 840 Flake 8.9 x 1072 3.7¢0-5 1.1
Ledger 10 758 Flake 1.0 x 107} 3.5¢0-5 1.1
40 1,138 Flake 1.0 x 107} 4.3t0-3 1.3
Corrugated S.W.° 10 192 Flake 3.7 x 100 1.8t0-5 3.5
40 320 Flake 3.7 x 10° 2.3t0-5 4.4
Corrugated L.B.C 10 650 Flake 3.2 x 1071 3.2¢0-3 1.8
40 974 Flake 3.2 x 1071 3.9¢0-3 2.2
Polyethylene Film 912 - Flake 5.8 x 1071 5.8t0+3 4.4
Polyethylene 912 Irregular 588X 10(1) to 3.6L0'5 8.7 to
1.8 x 10 15.3
Polyethylene Coated 10 746 Flake 7.4 x 107} 3,5¢0-3 3.0
30 1,066 Flake 7.4 x 107} 4.1¢%-5 3.8
PVC Film 3 1,008 Flake 2.5 x 1072 4.0t0+° 0.6
Lumber 12 480 Splinter 1.3 x 10 to 0.6L0-3 2.2 to
2.0 x 10 8.5
30 603 Splinter 1.3 x 105 to 0.7.9-3 2.5 to
2.0 x 10 9.9
Plywood 12 552 Flake 3.8 x 10° 3.0t0+5 5.9
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Table 2.2 (Cont'd)

. ) Typical Terminal Typical
Moisture Particle Characteristic Velocity (m/s) Terminal
Waste Content Density Particle Dimension as a function of Velocity
Component (percent)  (kg/m3) Designation (t or L)(mm) torL in mm (m/s)
: 0 0.5
Textiles 242 Flake 1.3 x10 2.0t 2.3
Rubber 1,773 Irregular 1.3 x 10! 5.0.0-° 18.0
1,773 Flake 2.5 x 100 to 5.3¢0-° 8.4 to
5.1 x 10 12.0
Alumi num 0 2,688 Flake 1.3 x 107] to 6.6t0-° 2.4 to
4.1 x 10 4.6
0 2,688 Irregular 2.5 x 109 to 6.2.0-5 9.8 to
5.1 x 10 44.2
Aluminum Can 58 Cylinder 1.2 x 102 0.6L%-° 6.6
Ferrous 0 7,840 Flake 1.3 x 1077 to 11:2¢%+° 4.0 to
2.8 x 107 5.9
0 7,840 Irregular 2.5 x 100 to 1051 0%° 16.6 to
5.1 x 10 75.0
Ferrous Can 144 Cylinder 1.2 x 102 0.9.%:5 9.9
Glass 2,400 Irregular 2.5 x 10" to 5.8.0-5 2.9 to
1.5 x 10 22.5

bs.w.

dpef. 1
CL.B. -

single wall (corrugated sandwich)
Tinerboard (1-ply corrugated)



Eq. 7 can be expressed as

2
1 -27/2
)

From the definition of the coefficient of variation, Cv, the Gaus-
sian distribution may be reformulated without explicit use of the standard
deviation. Eq. 8 becomes

7h !E___YE (10)
vat
0f interest is the total fraction of all particles in a given com-
ponent size category whose terminal velocities are less than the air ve-
locity. This fraction is given by the cumulative distribution function,
@, which can be expressed in equation form as

z 2
6 (2) - YE_%675 [T/ g ' (11)

with the standard normal variate given by

v -V
e sl (12)
CVV£
Thus, the mass fraction of material in a given component size category
that reports to the light fraction is given by

mfy(1,3) = $(2(1,3)) mfe(i,3) (13)

where:
mf1(i,j) = the mass fraction of a given component size category
in the light fraction;

mff(i,j) = the mass fraction of a given component size category
in the feed;

i = the component index; and
Jj = the size index.

The mass fraction of material in a given component size category that
reports to the heavy fraction is given by

il




mf, (1,3) = mf(i,3) - mfy(i,]) (14)

where:

mf(i,j) = the mass fraction of a given component size category
in the heavy fraction.

Typically, Eq. 11 is solved by means of tables. Alternatively,
it may be solved numerically.

2.2.2 Important Assumptions

The major assumptions made in the development of the air classifi-

cation model are summarized in Table 2.3.

2.2.3 Accuracy of Model

A simulation of the model and its accuracy is presented in Figure
2.3. The model predictions are compared with field test data reported in
Ref. 2. The columns of the matrices represent various size categories,
and the rows represent various component categories. The four component
categories shown are those used in the air classifier field test work.

Shown in the figure are the component size distributions of the
feed, the calculated light fraction, the measured light fraction, the

Table 2.3. Air Classifier Model Assumptions

1. Vertical air classifier.
2. Air-to-solids ratio is above the "choking" point.

3. Component size categories can be assigned characteristic shapes,
densities, particle cross-sections, and particle volumes.

4, Drag coefficients are constant (for a given particle shape) in the
range of Reynolds Numbers encountered in typical air classifier
operating conditions.

5. Variations in particle characteristics, such as drag coefficients,
densities, projected areas, and volumes, follow a Gaussian

distribution.

6. Particle-to-particle interactions are neglected.
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Simulation Parameters

Air Flowrate = 2.568 m3/sec

Mass Feedrate = 2.37 Mg/hr

A/C Cross-Sectional Area = .39 m
Column Velocity = 6.5846 m/sec
Air-to-Solids Ratio = 4.993
Column Loading = 6.0769 Mg/mZ/hr

Size Class (mm)

1.3 -9.5 +1.3  -16 +9.5 -25 +16 +25
Feed (Mass Fraction x 100)
Paper/Plastic 0 9.448 11.129 11.44 9.173
Aluminum 0 .056 .442 .43 15253
Ferrous 0 .617 .809 1.707 2.336
Other 14,185 31.891 2.766 1.232 1.086

Calculated Light Fraction (Mass Fraction x 100)

Paper/Plastic 0 9.448 113129 11.44 9,173

Aluminum 0 D553 .4365 .4246 122373
Ferrous 0 .1447 .1667 <3338 .4187
Other 12.6025 13.047 .8544 .336 .2387

Measured Light Fraction (Mass Fraction x 100)

Paper/Plastic 0 9.154 '10.869 11.231 8.973
Aluminum 0 .043 .414 .345 .884
Ferrous 0 5 .262 .656 0

Other 13.743 26.698 1.54 .853 .825

Error in Calculated Light Fraction (%)

Paper/Plastic 0 3.2117 RIS0P1 1.8609 2.2289
ATuminum 0 28.6031 5.4275 23.0782 39.9686
Ferrous 0 -71.6334 -36.3756 -49.1189 0

Other -8.299 -51.1311 -44.5191 -60.6071 -71.0631

Figure 2.3. Air Classification Model Simulation
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Size Class (mm)
=13 =9.5 1.3 =16 49,5 -25 *16 25

Calculated Heavy Fraction (Mass Fraction x 100)

Paper/Plastic 0 0 0 0 0

Aluminum 0 .0007 .0055 .0054 .0157
Ferrous 0 L4723 .6423 1.3732 1.9173
Other 1.5825 18.844 1.9116 .896 .8473

Measured Heavy Fraction (Mass Fraction x 100)

Paper/Plastic 0 .294 .26 .209 por

Aluminum 0 .013 .028 .085 .369
Ferrous 0 S 107 .547 15051 2.336
Other .442 5.193 1.226 .379 .261

Error in Calculated Heavy Fraction (%)

Paper/Plastic 0 -100 -100 -100 -100

Aluminum 0 -94.6103 -80.2493 -93.6705 -95.7514
Ferrous 0 341.4301 17:4231 30.6584 -17.9231
Other 258.0401 262.8728 h5. 09212 136.406 224.6247

Comparison of Predicted Performance

Calculated Measured Error (%)

Lights Split (%) 71.4862 87 -17.832
Heavies Split (%) 28.5138 13 119.3371

Figure 2.3 (Con't)
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calculated heavy fraction, and the measured heavy fraction. Also shown

are the percent errors in each of the component size categories for the

caculated light fraction and the calculated heavy fraction. Finally, a

comparison of calculated and measured light fraction and heavy fraction

splits are shown.

2.3 ENERGY REQUIREMENTS

The power to operate an air classifier (Pt) comprises two compo-

nents, namely; blower power (Pb) and auxiliary power (Pa).

el (15)

Auxiliary power, or the power used to drive auxiliary equipment

varies from system to system because of variations in the system design.

Auxiliary equipment may include air locks, internal conveyors, vibrators,

auxiliary blowers, etc. Midwest Research Institute and Cal Recovery Sys-

tems reported on the operating characteristics of seven air classifiers

in MSW processing operations [2] and presented data that supports the

approximation,

Pa = 0.1 Pt (16)

It follows from Eqs. 15 and 16 that,

Py =4y (17

The electrical power required to drive a blower is,

where:

o

7 = J0N - IS - R - B
< nv

a

(Ps " Py) oa (18)
1000 ¢

efficiency of blower and motor;
blower power (kW);

static pressure (Pa);

velocity pressure (Pa); and
volumetric air flowrate (m3/s).

The efficiency varies with load. Based on field measurements of
energy consumption by the Baltimore County air classifier [2], the
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efficiency of the blower motors has been assumed to be 60 percent. The
volumetric air flowrate (Qa) is an input to the power model.

The velocity pressure is given by,

p, = 1/2 o V2 (19)
where:

p, = velocity pressure (Pa);

p, = density of air (kg/m3); and

Vo = column velocity of air (m/s).

Approximating the density of air (pz) by 1.2 kg/m3 yields,
5 (20)
p, = 0.60 V¢

The velocity is an input to the power model.

The static pressure depends on the dimensions of the air classifier
and ductwork; air velocity; shape and roughness of the air classifier and
ductwork; presence or absence of baghouses, air locks, cyclones, dampers,
and other equipment in the system; presence of solids in the air classi-
fier; and other factors that may obstruct or resist the flow of air.

Data in Ref. 2 show that a pressure drop across a blower of about 2.6 kp
(250 mm water gauge) is typical. However, it is common to have air pass
through two blowers in series. One blower supplies air to the air clas-
sifier, while the second blower is used to force air through a baghouse
or to recirculate it. Based upon the data in Ref. 2 and engineering
Jjudgment, the total static pressure drop for the energy model has been
taken to be 5.2 kp (500 mm W.G. or 20 in. W.G.).

Using the approximations and assumptions given above, Eq. 18 can be
written as,

2
(5200 +0.60 V() Q,

Py = 600 (21)

(8.67 + .001 vg) Q

a

Eq. 17 then yields,
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2
Pt = (9.63 + 0.001 Vo) Q, (22)

where the units of the quantities are defined as: (1) Pt in kW; (2) Vo in
m/s; and (3) Qa in m3/s.

The specific energy ES is]
{23)

where the units of the quantities are defined as: (1) ES in kWh/Mg;
(2) P, in ki; and (3) h in Mg/hr.

If the ratio (R) of the mass of air to the mass of solids is known
and the density of air (pa) = 1.2 kg/m3, then the air flowrate (Qa) can
be expressed in terms of the flowrate of solids (m),

Q, =0.23R (24)

where the units of the quantities are defined as: (1) Qa in m3/s; and
(2) m in Mg/hr.

The power consumption of three air classification systems tested by
Midwest Research Institute [2] is compared to the power predicted by Eq.
22 in Table 2.4. .

2.4 REFERENCES

1. Diaz, L.F., Savage, G.M., and Golueke, C.G., Resource Recovery from
Municipal Solid Wastes, CRS Press, Inc., 1982,

25 Hopkins, V., Simister, B.W. and Savage, G., Comparative Study of
Air Classifiers, Final Report, EPA Contract No. -03- L 5
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Table 2.4. Comparison of Measured Power to Predicted Power
for Three Commercial Air Classifiers

Volumetric Column

Air Flow Velocity Measured Predicted

Air Classifier 8 Vo Power Powerd
Location (m3)s) (m/9) (kW) (kW)
Baltimore, Maryland 27 31 315 286
31 35 325 337
37 43 356 425
Akron, Ohio 26 22 284 263
29 25 283 297
30 26 283 309
Ames, Iowa 12 19 146 120
113 20 155 130
13 21 158 131

dPredictions are calculated using Eq. 22 in the text.
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3. TROMMEL SCREENING MODEL

3.1 BACKGROUND

Screening is used in RDF preparation for removing inorganic materi-
als from the fuel fraction and in some cases for particle size control.
The use of screening in an RDF production Tine generally correlates well
with fuel quality. Improvement of fuel quality can be accomplished be-
cause the particle sizes of the combustible materials (e.g., paper and
plastic) tend to be relatively Targe in comparison to the particle sizes
of the inorganic materials. Removal of inorganic materials decreases the
ash and moisture contents of the RDF and thereby increases the heating
value of the material.

Three different types of screens have been used for RDF processing:
trommel screens, disc screens, and flatbed screens. The focus of this
section is on the trommel screening process. At the present time, far
more work has been performed in the analysis of trommel screening for ref-
use processing applications than has been performed in the analysis of any
other screening process. However, many of the principles discussed in the
trommel screening model are also applicable to disc screening and flatbed
screening.

Trommel screens are rotating cylindrical screens set at an inclina-
tion to the horizontal. Feed material is introduced at the upper end,
and is conveyed down the length of the screen by means of the tumbling
action imparted on the material. Undersize material passes through the
apertures in the screen and is transported by a conveyor belt. Oversize
material and any undersize material that do not pass through the screen
exit at the lower end of the screen. This material is then transported
by a conveyor belt. A simplified block diagram of a trommel screening
process is shown in Figure 3.1.

The material that passes through the screen is commonly referred to
as either the "undersize" or the "unders." The material that does not
pass through the screen is commonly referred to as the "oversize" or the
"overs." However, a distinction must be made between the true oversize
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Overs
Feed ‘ Trommel Screen

Unders

Figure 3.1. Block Diagram of Trommel Screening Process
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and the material that does not pass through the screen, inasmuch as some
undersize material is present in the material that exits the screen at
the downstream end. For the purposes of the screening discussion, the
terms "unders" and "overs" are used to describe the split streams leaving
the screen.

Screening can be employed in a variety of places in the processing
sequence in order to accomplish a set goal, if the screen has been prop-
erly designed for the particular operating conditions. For example,
trommel screens can be employed as the first stage in a refuse processing
line. In such a position, the screens are commonly referred to as "pre-
trommels,'

implying screening prior to size reduction of the material.
Thus, the material being screened is raw MSW.

Most applications of trommels in the resource recovery industry
have been for processing shredded MSKH. Such trommels are sometimes re-
ferred to as post-trommels. In some plants, the trommel is located fol-
lowing air classification; while in other plants, the trommel is located
prior to air classification.

The key parameters affecting the performance of a trommel screening
operation can be categorized as construction parameters, operating parame-
ters, and feed characteristics. Typically the only operating parameters
over which control can be exerted are the feed rate and the rotational
speed of the screen. Feed rate is the dominating parameter governing
screening performance.

The parameter most commonly used for the characterization of screen-
ing performance is the screening efficiency. This parameter represents
the percentage of undersize material entering the screen that passes
through the apertures in the screen to the undersize fraction. In equa-
tion form, screening efficiency (n) can be formulated in several ways.

The following form is employed in the development of the trommel screening
model :

n=m + ) (1)
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where:

flowrate of the undersize fraction;

u
mo - flowrate of the oversize fraction; and
Uo - fraction of true undersize material in the oversize fraction.

3.2 DEVELOPMENT OF MASS BALANCE MODEL

3.2.1 Description of Model

Although the trommel screening process appears to follow a cyclical
pattern of tumbling material, the behavior of individual particles in the
process involves highly irregular motion from one cycle to the next.
Modeling of the forces acting on the particles becomes complex if the
depth of the bed of material on the screen is taken into account. Ef-
forts at modeling the particle dynamics at different locations in the
screen were presented by Glaub, et al [1]. These models involve the gen-
eration of a system of simultaneous differential equations which are
solved in sequential time steps as the material traverses the length of

the screen.

In the current work effort, the objective is to develop models that
lend themselves toward computerized integration. Thus, a trommel screen-
ing model of intermediate complexity is developed, i.e., more complex
than a transfer function model but less complex than series of simultan-
eous differential equations.

The model is structured such that a component size feed matrix is

input to the model. The model subsequently predicts the component size
matrices of the overs stream and of the unders stream. The other inputs
to the model are the screen construction parameters and the screen oper-
ating parameters. The screen construction parameter inputs are the di-
ameter, the effective screen length (i.e., the perforated length), the
inclination angle, the aperture size, and the open area fraction. The
operating parameter inputs are the feed rate and the departure angle.
For purposes of reducing the complexity of the model, the departure angle
is specified as an input parameter rather than calculated. The departure
angle is the angle measured from vertical to the point at which the mate-
rial detaches from the screen. The departure angle is a function of the
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rotational speed of the screen (an operating parameter) and of the pres-
ence and configuration of lifters inside the screen. In addition to the
component size matrices of the overs and unders streams, outputs from the
model include the screening efficiency and the overs and unders splits. A
diagrammatic illustration of the model is shown in Figure 3.2.

There are two primary aspects of particle behavior in a screening
process that determine the screening performance and the characteristics
of the output streams from the screen: (1) the particle dynamics and (2)
the probability of passage for a given particle. The particle dynamics
determine the number of contacts between a particle and the screen sur-
face. The probability of passage concerns the mechanism by which parti-
cles pass or do not pass through the apertures in the screen.

0f the several relations that have been proposed for predicting the
number of contacts between a particle and the screen [1], the following
relation is used in the current model:

L

N== (2)
€ 4D Tan g Cosa Si62;
where:
Nc = calculated number of contacts;
L = effective screen length;
D = diameter;
g = inclination angle; and

a departure angle.

To account for reduced contact with the screen surface as the screen load-
ing increases (e.g., material falling unto other material that is already
covering the screen surface), Eq. 2 is modified as follows:

b
Ne = aN, (3)
where:
Ne = the effective number of contacts with the bare screen surface;
a = a modeling parameter that may be a function of feed rate or

holdup; and

b = a modeling parameter that accounts for multiple contacts per
drop.
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Figure 3.2. Block Diagram of Trommel Screening Model
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Both a and b are m x n matrices for an m component and n size class sys-
tem. It follows that Ne is also an m x n matrix. Thus, the model ac-
counts for a variation in number of contacts as a function of component
and size of class.

The probability of passage is based upon the simple probability of
passage:

D, ]2
P0=1-D; fl (4)

where:

= the probability of passage;
the particle size;

"

the aperture size; and

= the open area fraction.
The current model also incorporates an additional modeling parame-
ter coefficient in the probability of passage relation such that

P =cP, (5)

where:

P
c

the modified probability of passage; and
a modeling parameter.

In the model, both P and ¢ are m x n matrices. Therefore, each element
in the m x n feed matrix has its own probability of passage associated
with it.

The mass fraction of material in a given component size category
that reports to the oversize fraction is given by

N
mf (i,3) = (1-P) AL, (6)

where:

mfv(i,j) = the mass fraction of a given component size category
in the overs stream;

n

mff(i,j) the mass fraction of a given component size category in

the feed;
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the component index; and

i
J
The mass fraction of material in a given component size category

the size index.

that reports to the undersize fraction is given by

N
mf (1,3) = (1-(1-P) ©) mf(i,§) (7)

where:

mf (i,j) = the mass fraction of a given component size category
4 in the unders stream.

3.2.2 Important Assumptions

The major assumptions in the development of the trommel screening

model are summarized in Table 3.1.

3.2.3 Accuracy of Model

A simulation of the model and its accuracy is presented in Figure
3.3. The model predictions are compared with field test data reported by
Hennon, et al [2]. The columns of the matrices represent various size
categories, and the rows represent various component categories. The

Table 3.1. Trommel Screening Model Assumptions

1. The trommel screen is operated in centrifugal action, i.e., the
material cycles through stages of Tifting and falling. The model
does not account for operation of a trommel screen in kiln action.

2. Drag forces on the particle in the falling phase are negligible.

3. Slippage and tumbling of material on the screen are neglected.

4. No size reduction occurs in the screen. Therefore, the sum of the
mass of material in a given component size category in the overs
and unders streams is equal to the mass of material in that same
component size category in the feed.

5. A falling particle recontacts the screen at right angles to the
screen surface.

6. The material is well-mixed.
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Simulation Data

Feedrate = 2.64 Mg/hr
Rotational Speed = 6 rpm
Effective Screen Length = 7.4 m
Diameter = 3.7 m

Aperture Size = 25.4 mm

Open Area Fraction = .465
Inclination Angle = 3 degrees
Departure Angle = 45 degrees

Size Class (mm)
=Led aals A% 3 SR12 800 =2h 4 ¥l 2. T 4254

Feed (Mass Fraction x 100)

Paper/Plastic 5.41 1359 21.99 10:3 15.9
Other Organics 5.42 B.25 157 .78 .85
Glass 5.41 3.89 .04 0 0

Other Inorganics 5.42 .34 il .08 e0e

Calculated Oversize Fraction (Mass Fraction x 100)

Paper/Plastic 0 .0002 0751 4,7842 15.9
Other Organics 0 .0001 .0058 .3623 <85
Glass 0 0 .0001 0 0

Other Inorganics 0 0 .0003 .0372 e

Measured Oversize Fraction (Mass Fraction x 100),

Paper/Plastic .03 .04 .49 3.02 15.9
Other Organics .03 .08 .06 5 2
Glass <03 0 0 0 0

Other Inorganics .03 0 0 0 452

Error in Calculated Oversize Fraction (%)

Paper/Plastic -99.9951 -99.6233 -84.6704 58.4176 0
Other Organics -99.9951 -99.8857 -90.3217 624.599 0
Glass -99,9951 0 0 0 0
Other Inorganics =99,9951 0 0 0 0

Figure 3.3. Trommel Screening Model Simulation
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Size Class (mm)
-1.3 -5.1 +1.3 12,7 .%5.1 =25.,4 #12.7 “SHiEid

Calculated Undersize Fraction (Mass Fraction X 100)

Paper/Plastic 5.41 13.5898 21.9149 5.5158 0
Other Organics 5.42 8.2499 1.6942 L4177 0
Glass 5.41 3.89 .0399 0 0
Other Inorganics 5.42 .34 .0997 .0428 0
Measured Undersize Fraction (Mass Fraction x 100)

Paper/Plastic 5.38 13255 2105 7+28 0
Other Organics il 8.17 1.64 i 0
Glass hs 38 3.89 .04 0 0
Other Inorganics 5239 .34 ok .08 0
Error in Calculated Undersize Fraction (%)

Paper/Plastic .5576 .2941 1.9297 -24.,2337 0
Other Organics .5566 .9781 3.3045 -42.7808 0
Glass o076 -.0011 -.3416 0 0
Other Inorganics .5566 -.0011 -.3416 -46.4487 0

Comparison of Predicted Performance

Calculated Measured Error (%)

Screening Efficiency (%) 93.6347 95.0 -2.0557
Oversize Split (%) 22.5454 21,13 6.6984
Undersize Split (%) 77.4546 78.87 -6.6984

Figure 3.3 (Con't)




four component categories shown are those used in the trommel screening
field test work.

Shown in the figure are the component size distributions of the
feed, the calculated overs stream, the measured overs stream, the calcu-
lated unders stream, and the measured unders stream. Also shown are the
percent errors in each of the component size categories for the calcu-
lated overs stream and the calculated unders stream. Finally, a compar-
ison of calculated and measured screening efficiencies and overs and
unders splits are shown.

3.3 ENERGY REQUIREMENTS

The energy requirements for trommel screening have been developed
based upon actual test data. Early efforts to develop a theoretical gov-
erning equation for trommel energy requirements were terminated when the
analysis showed that the theoretical values were an order of magnitude
less than the values measured during the Baltimore Co. trommel study [2].

CRS used the test data from the Baltimore County trommel study to
derive the energy requirements for trommel screening. Using the avail-
able data the power consumption of the trommel screen has been found to
conform to an equation of the form:

Pr=1d.5 * 0.05 ) (8)
where:

P = power (kW); and
th = mass throughput rate (Mg/hr).

Based upon the test data for the Baltimore trommel screen, the
rated throughput of the unit is estimated to be 10 Mg/hr. From Eq. 10
the corresponding power consumption is 4 kW. The specific energy con-
sumption is therefore 0.4 kWh/Mg.

Lacking further published data on the power requirements of trommel
screens used in MSW processing plants, the value of 0.4 kWh/Mg is used as
the energy requirement for the trommel screens handling refuse. The
value of 0.4 kWh/Mg is within the range of values CRS has calculated from
cursory measurements of energy usage of pilot-scale trommel screens. The
value appears reasonable for both pre- and post-trommels.
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4. FERROUS SEPARATION MODEL

4.1 BACKGROUND

The recovery of ferromagnetic waste materials through the use of
magnets has been practiced extensively in automobile salvage operations.
The practice was extended to municipal solid waste initially when refuse
was shredded prior to landfilling and later when refuse was processed for
material or energy recovery. Magnetic separators have been used in ref-
use composting plants and incineration plants for salvage and, as is the
case in composting, for improving the quality of the finished product.

The two basic types of magnetic separators for recovering ferromag-
netic materials from municipal solid waste are the overhead belt magnet
and the drum magnet. These pieces of equipment are manufactured in the
form of electromagnets or permanent magnets. For the purpose of the work
performed herein, the overhead belt was selected for modeling because of
the fact that most of the data available in the literature were obtained
with overhead belts.

Magnetic separators can be, and have been, installed at a number of
locations within material recovery facilities. During the first stages
of development of material and energy recoverj from solid waste it was
generally believed that size reduction prior to magnetic separation would
be a sufficient step for producing a clean, acceptable product. Unfortu-
nately, the expectations were much too high because, in most cases, im-
purities present in the recovered ferrous and the bulk density of the re-
covered product rendered the material unacceptable.

Experience accumulated thus far indicates that other unit processes
must be included in the overall design in order to produce a salable fer-
rous scrap. Depending upon the type of end-user, size distribution es-
pecially that of the Tight gauge ferrous materials, is a critical factor
as well.

The most important parameters that determine the performance of a
magnetic separator are: (1) flux density and the rate of change of flux
density (gradient) at the object, (2) size and shape of material to be
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recovered, and (3) distance between magnetic separator and material.
Other parameters that affect the performance of a magnetic separator but
that are interrelated include bulk density, depth of burden, and speed of
conveyor belt carrying feedstock to the magnetic separator. In general,
using a particular type of magnetic separator and a fixed speed for the
conveyor belt carrying the feedstock, the quality or purity of the re-
covered magnetic metals increases as the depth of the burden decreases.

A reduction in the depth of burden decreases the chances for any impuri-
ties to become attached to the metal.

A schematic diagram of a magnetic separator is presented in Figure
4.1. The figure shows the inputs to and outputs from the unit process.
In this particular case, the feed to the magnetic separator is the shred-
ded, air classified, heavy fraction of MSW. Mass flowrate, composition,
and bulk density of the feed would have to be known. In addition, the
size distribution of the magnetic metals would have to be prescribed.

The magnetic separator operates as a binary device thus the feed-
stock is separated into two streams: (1) magnetics (Fe); and (2)
non-magnetics (Non-Fe). The quality of the recovered material can be
expressed as the ratio of the mass of magnetic metals in the accepts
(Fe2) to the total mass of the accepts. The recovery of magnetic
metals in the accepts is defined as the ratio of the mass of magnetic
metals in the accepts to the mass of magnetic metals in the feed [1].

The model presented herein is based on an approach commonly
followed by designers and manufacturers of magnetic separators. This
approach is an attempt to simplify the complexities involved in the
theory of magnetism.

4.2 DEVELOPMENT OF MASS BALANCE MODEL

The force per unit volume in the z-direction (F ) developed be-
tween two magnetic surfaces separated by a gap can be described as
follows:

2 2
. _. 8A _H” 3y a(H ap
F2= "n3z " Braz ' 3z (B P 3p (1)
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where:

density of magnetic poles;
magnetic potential;

= magnetic field intensity;
permeability; and

=)
n

= oty
n

")
p = mass density.

Assuming that
u-1 =Cp (2)

(where C is a constant) and that the permeability of the material does
not change with distance (i.e., au/3z = 0), Eq. 1 can be written as
follows:
3A (u-l) aH

Fo=maz' & "3z =

The major portion of magnetic metals present in the waste stream do
not have permanent magnetism. Therefore, the mathematical expression
describing the magnetic force per unit volume acting on the particle can
be further simplified as follows:

_ (u-1) |, 3H

fy =Tt g e

The major forces acting on a magnetic particle resting on a
conveyor belt moving past a magnetic separtor are:

L P (5)
where:

FT = resultant force;

Fm = magnetic force;

Fg = gravitational force; and

Fb = force due to weight of burden.

so the total (resultant) force can be written as follows:

2

3 Z
FT=vppp;§ (6)

_ p-1 ., aH
_Vpa"—HE-Vpppg—prbg (7)
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2

PAC e 3z (8)
PP 42
where:
Vp = volume of particle;
Pp = density of particle;

Vb = volume of burden on particle; and
Py = density of burden.

The recovery of magnetic metals through magnetic separation depends
on the differences in pathways followed by materials of different perme-
abilities as they pass through a magnetic field. Under these conditions,
the materials are acted upon by magnetic, gravitational, and other forces.
A full description of the pathway to be followed by a particle requires
knowledge of a number of variables such as shape, size, density, and mag-
netic properties of the particle, as well as the magnitude of the forces
acting on the particle as a function of Tocation and time. A complete
definition and solution of this type of problem is extremely complex.
However, since B = H/u, the magnetic force described in Eq. 4 can be
described as:

F.=kpil (9)
Z 6z
where:
K = constant;
B = flux density; and

AB/az = flux density gradient.

The term B aB/az is known as the Force Index (FI). The Force Index ba-
sically is a numerical expression of a magnet's ability to attract a mag-
netic object. The static force indices required to attract several types
and shapes of magnetic metals have been determined. Similarly, the in-
cremental Force Index needed to 1ift magnetic metals for various depths
of burden has been measured.

In making a selection, the total Force Index (static plus incre-
mental) required to 1ift the magnetic metal is matched to that developed
by the magnetic separator at a certain distance above the conveyor belt.
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The unit process described in this model consists of a magnetic belt in-
stalled above the pulley of a conveyor belt. Integral to the magnetic
separation system are: (1) a feed conveyor from which the magnetic me-
tals are removed, and (2) a conveyor belt to carry the recovered metals
away from the magnetic separator.

In order to determine the quantity of magnetic metals that could be
recovered from a given stream, the following steps would be taken:

1. Calculate the volumetric flowrate of the material in m3/s.

2. Calculate the depth of burden (Dg) using the following

formula:
I
iz 10

D, = (k) (TWTTVT) (10)
where:

C = volumetric flowrate (m3/s);

W = width of conveyor belt (m);

V = velocity of conveyor belt (m/s); and

D = depth of burden (m).

e
3. Calculate suspension height in meters.

S= De o (11)

4. Determine the smallest particle size to be recovered (for
most practical purposes, 12 mm would be the minimum).

5. Read the minimum Force Index (as a function of burden)
required to 1ift the smallest particle from Table 4.1.
Assume the particle takes the shape of a cube.

Table 4.1. Minimum Force Index Required to Remove a Cq?e Using a
Magnetic Belt Over Pulley Force Index (FI x 107)

Oggigt Burden Depth (mm)

(mm) 50 100 150 200 250 300 350 400 450
13 93 99 105 111 117 123 129 136 141
19 83 87 91 96 100 104 109 114 119
25 78 81 85 88 92 97 99 105 107
50 70 72 74 76 78 80 82 85 87
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6. Using the plot of FI vs. distance for a particular sep-
arator, determine if the unit will develop a sufficiently
high FI to 1ift the particle at the suspension height S.

Using this approach implies that a sufficiently strong magnetic
separator could be selected to remove all magnetic particles larger than
the minimum stated. This situation, however, is not often realized par-
ticularly in the refuse processing industry. Contaminants inside of or
attached to the magnetic metals change the recovery rates.

In order to account for variations in particle characteristics and,
accordingly, in the force required to 1ift a particle in a given ferrous
size category, a Gaussian distribution of the Force Index was employed.

A description of the mathematics of the Gaussian distribution was pre-
sented in the discussion of the development of the mass balance model for
air classification. In applying the Gaussian model, the first step is to
determine the standard normal variate, Z, given by

FIm - FT
7=z — (12)
C, FT
where:
FIm = Force Index developed by the magnet;
FT = Average Force Index required to 1ift a particle in a
given ferrous size category; and .
Cv = Coefficient of Variation of the Force Index required to

1ift a particle in a given ferrous size category.

The average Force Index, FI, is obtained through use of Table 4.1 and
Figure 4.2. Comparisons of the model to typical field data indicates
that a value of 0.25 for the Coefficient of Variation yields reasonable
efficiencies of separation, if more detailed data is unavailable for the
material under consideration.

The total fraction of all particles in a given category whose force
indices are less than the force index of the magnet (i.e., those parti-
cles which will be pulled to the magnet) is given by the cumulative dis-
tribution function, #(Z). The cumulative distribution function is tabu-
lated as a function of the standard normal variate in numerous statistics
books and engineering mathematics books.
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The mass fraction of material in a given ferrous size category that
reports to the recovered ferrous stream is given by

mffe(i) = #(Z(i)) wf (i) (13)

where:

mffe(i) = the mass fraction of a given ferrous size category
that reports to the recovered ferrous stream;

mff(i) = the mass fraction of a given ferrous size category
in the feed; and

i the size category index.

4.2.1 Example

A sample calculation is presented for a 0.91 m magnetic belt and an
8 cm depth of burden on a conveyor. From Figure 4.2, it is found that a
0.91 m magnetic belt develops a Force Index (FIm) of approximately 95,000
at a suspension height of 18 cm. The suspension height is obtained from
Eq.,-11.

The size distribution of ferrous in a hypothetical feed is shown in
Table 4.2 along with the average force indices (FI) required to 1ift par-
ticles in the various categories. The average force indices were obtained
from Table 4.1. The final column in Table 4.2 shows the calculated mass
fraction of a given ferrous size category that will report to the re-
covered ferrous stream, as given by Eq. 13. The efficiency of the mag-
netic separation process in the example is 82.6 percent.

4.3 ENERGY REQUIREMENTS

The amount of energy consumed by a magnetic separator depends upon
two factors: (1) type of magnet (i.e., electromagnet vs. permanent mag-
net), and (2) size of motor driving the belt.

In the range of 40 to 100 Mg of shredded waste per hour the specific
energy required by an electromagnet is on the order of 0.26 kWh/Mg of
waste. Similarly, the energy consumed by the motor driving the belt is
about 0.1 kWh/Mg.

Therefore, a mathematical expression describing the energy require-
ments of a magnetic separation unit can be written as follows:
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0.36 ™ (14)

m
"

where:

1

m = mass flowrate under magnetic belt.

Table 4.2. Sample Calculations for Magnetic Separation Model

Ferrous Recovered
Typical in Feed Ferrous
Size Class Size (Weight 7 (Weight
(mm) (mm) Percent) Percent)
>38 50 0.630 71,000 0.574
22 - 38 25 0.220 79,500 0172
16 - 22 19 0.090 85,000 0.061
10 - 16 13 0.040 96,000 0.019
<10 5 0.020 -- 0.000
1.000 0.826

4.4 REFERENCES

1. Alter, H., Testing and Evaluation Manual for Resource Recovery Plants,
Prepared for the U.S. EPA under Contract 68-01-4423, Oct. 1978.
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5. DENSIFICATION MODEL

5.1 BACKGROUND

Densification renders RDF more suitable for storage, transporta-
tion, and in some cases, combustion by increasing the bulk density to
about 500 kg/m3, by binding easily lofted particles into a dense mass,
and by producing fairly uniformly sized and uniformly shaped particles.
There are several types of densification machines, but the type that has
generally been selected for densifying RDF in commercial operations is a
rotary-die extrusion mill - henceforth referred to as a "pellet mill."
The product is cylindrical pellets generally having diameters of 12 to 25
mm and lengths of about 16 to 50 mm.

Because of the small particle size required for the proper opera-
tion of the pellet mills, they must be preceded in the processing line by
size reduction. Generally, two stages of size reduction are required to
achieve the requisite particle size for pelletizing. To form pellets
with diameters of 12.5 mm and 25.4 mm, the feedstock should comprise par-
ticles with sizes not exceeding 19 mm and 38 mm, respectively. Air clas-
sification and/or screening often precede densification, not only to im-
prove the quality of the RDF, but to decrease‘wear on the pellet mill.
Metal recovery operations may also precede densification, but they are
not needed if air classification or screening removes the metal.

The feedstock to a pellet mill is generally size reduced light frac-
tion from an air classifier or size reduced screened oversize light frac-
tion. The bulk density is 30 to 80 kg/m3, and the moisture content must
be in the range of 10 to 30 percent although 15 to 20 percent is generally
desirable. The pellets essentially retain the chemical properties of the
feedstock although the temperature at the wall of a die may be sufficient
to effect localized pyrolysis. The size, shape, and bulk density of the
material changes as has already been described. Also, some moisture is
lost due to vaporization.

It should be noted that the models of the unit processes preceding
densification have as an output a matrix of material characteristics.
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The matrix information that is pertinent to densification is the maximum
particle size. If the size is too large, the pellet mill cannot handle
the material and therefore pellet formation cannot occur. The material
composition of the output is similar to that of the input but is somewhat
meaningless except as an input to heating value and ash calculations be-
cause the individual particles, being compacted into a pellet with many
other particles, can no longer act as individual materials. Likewise,
the size of the individual particles becomes meaningless upon densifica-
tion, the size of the pellets being the parameter of primary importance.

The mass of solids entering and leaving the pellet mill is not
affected by the operating variables. The mass of solids in the pellets
is usually slightly less than the solids in the feedstock. Negligible
amounts of dust are lost. The amount is determined by the pressure of
extrusion, the moisture content of the feedstock, the cohesiveness of the
feedstock, and possibly several other factors such as the shape of the
die entrance, the temperature of the material during extrusion, and the
rate and extent of moisture removal after extrusion. The density and
bulk weight of the product, as well as the energy required to produce it,
are dependent on the pressure of extrusion. The pressure depends upon
the dimensions of the die and on certain properties of the feedstock, the
most important of which is the moisture content.

A block diagram showing the mass balance variables discussed in the
preceding paragraphs is shown in Figure 5.1.

Material is generally conveyed to a pellet mill via belt or pneu-
matic conveyors. It enters a feed hopper and is fed to the densification
chamber via one or more screw conveyors. Since pellet mills are readily
subject to overload by surges of feedstock, some manufacturers include
automatic flow controls with the mill.

The equations used in the model to describe the mass flows and pro-
perties of the product are primarily empirical. The relevant physical
law employed is conservation of mass.

The calculation of the pellet density is the most complex of the
calculations in the mass balance model. The density depends upon the
pressure required to extrude the pellet. The pressure depends on the
diameter and length of the die, the degree of deformation of the
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Nomenclature

BW = Bulk Density

D = Diameter

t = Mass Flowrate

MC = Moisture Content

P = Pressure

(C/S) = Composition-Size Matrix
(C) = Composition Matrix

Density

Subscripts

d = Die Opening
f = Feedstock

p = Pellet

u = Fines

w = Water

Figure 5.1. Densification Mass Balance Parameters
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feedstock, friction, and other factors. These parameters are discussed
fully in the section on the pellet mill energy model. Thus, pressure,
which is an output of the energy model, is an input to the mass balance

model.

Most of the data from which the mass balance model has been devel-
oped were the results of tests of several commercially available pellet
mills. Pellet mills were used as the basis of the model because experi-
ence with them in MSW processing operations is much greater than that with
briquetters or other machines used for producing d-RDF. Much of the mass
balance model for pellet mills is also applicable to other types of den-
sification equipment. However, the energy model that is presented later
in this report is not applicable to machines other than pellet mills.

The equation for determining the density of pellets was derived
from laboratory studies in which material was compressed under measured

pressures in cylinders.

5.2 DEVELOPMENT OF MASS BALANCE MODEL

The inputs, outputs, and transfer functions for the mass balance
model are summarized in Table 5.1. An explanation of each equation
follows:

My = 0.01 M¢ (1)

The amount of evaporated water (Mw) depends on the moisture con-
tent of the feedstock, the temperature of the pellets upon exiting the
mill, and the conditions under which the pellets cool. Pertinent condi-
tions include the degree of ventilation, ambient humidity and tempera-
ture, and the degree of exposure of the hot pellets to the ambient air.
No data have been found regarding the loss of water during densification.
However, energy balance calculations indicate that under typical condi-
tions the energy used to compress, deform, and force a pellet through a
die is sufficient to vaporize about 0.02 g water/g extruded material.
Since not all of the heat is used to vaporize water, 0.01 g vaporized
water/g feedstock has been assumed to be a reasonable value for moisture
loss.

Mp = 0.99 Mf (2)
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Table 5.1. Mass Balance Summary for Densification

. Moisture content of

feedstock (MCf)

. Component-size matrix

for feedstock (xij)f

. Die hole smaller

diameters (Dp)

_ Extrusion pressure (P)

[kPa] (from energy model)

7. Pellet density (p)

[g/cm3]

Inputs Equation
. Mass of feedstock (Mgf) My = 0.01 Mg
. Mass of feedstock (Mg) Mp = 0.99 Mg

MCp = 1/0.99 (MCf - 0.01)

)
(xi) = 0.99 { L%y }
P oy g

1=
Dp = Dh
ol = 3L 56 153351 n (P-103)

BW = 500 p

Outputs

Mass of evaporated water (Mw)
Mass of pellets (Mp)

Moisture content of pellets (MCp)

Component matrix for pellets (xj)p

Pellet diameter (Dp)
pellet density (p) [g/cm3]

Bulk density of pellets (BW)
[kg/m3)



The mass of pellets is equal to the mass of feedstock minus the

mass of evaporated water.
MCp = 1/0.99 (MCf - 0.01) (3)

This equation relates the moisture content of the pellets to the
moisture content of the feedstock. It follows from the estimation that

M, = 0.01 Mg

I o

(xi)p ~ 0.99[

o (4)
1 X”f]

This operation converts the component/size distribution of the feed-
stock to a component distribution of the pellets. The mass of the i'th
component in the pellets is equal to 99 percent of the mass of the i'th

J

component in the feedstock. The remaining one percent is vaporized water.
It is assumed that the loss of vaporized water from each component is pro-
portional to the mass of that component in the feedstock. No data was
found in the study to confirm or refute this assumption.

Dp = Dp (5)

The diameter of a pellet is essentially equal to the diameter of
the hole in the die through which it is extruded. There often is a small
amount of rebound or swelling after extrusion, but the amount is trivi-
ally small in most cases.

pr = 356417330 1in" (P-103) (6)

where the units of the quantities are defined as: (1) o in g/cm3; and
(2) P in kPaz.

This equation relates the density of a pellet to the pressure ap-
plied to form the pellet. The model for the pressure required to extrude
a pellet is developed in the section on the energy model for densifica-
tion. The relationship between pressure and density in the field of soil
mechanics is known to be a logarithmic function. Ruf [1] in working with
shredded refuse at pressures of up to 1400 kPa bars found the relation-
ship to be of the form,

prSA Rl (PR ) (7)
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where:

P = pressure; and

A, B, and C are constants depending upon the properties of the

material.
The reliability of the equation was checked using energy data obtained
during a study conducted by the University of California (U.C.) [2] and
by inferring, from basic fundamentals, that the marginal increase in
specific energy is proportional to the corresponding marginal increase in
pressure. The relation for pressure is discussed more fully in the sec-
tion on the energy model.

The values of the constants A, B, and C derived by Ruf [1] do not
correlate well with the U.C. data [2]. Reed, et al [3], however, in com-
pressing sawdust to pressures of up to 70,000 kPa in laboratory test
cylinders obtained data that fit the form of equation derived by Ruf when
the constants A, B, and C are 3.56, 1.33, and 103 respectively when the
dimensions of density are grams per cubic centimeter and the pressure is
given in kilo pascals. Data from U.C. conform to Eq. 7 when the values
of the constants are those cited by Reed. Since the equation predicts
the results obtained from two independent sources for 0.9 < p < 1.3 in
which two different methods of compression are used, it is taken to be
adequate for RDF densification.

BW = 500 p : (8)
Since the bulk density is, by definition, the average density of a

group of particles times the fraction of a given volume that is actually
occupied by particles, it follows that,

BW = (1-VR) o (9)
where:

VR = void ratio; and
BW and p are in consistent units.

Furthermore, particles of uniform size and shape and of a given arrange-
ment (such as loose and randomly packed) do not undergo a change in bulk
density if all of the particles undergo a uniform change in size. There-
fore, if the amount of loose fines in a mixture of RDF pellets is assumed

to be negligible, and the pellets are packed in a loose and random
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arrangement, any group of pellets should have a constant voids ratio and

conform to the equation,
BW = Ap (10)

where A is a constant.

CRS has measured the bulk density of pellets to be 450 to 600 kg/m3
[4,5]. Unfortunately, corresponding pellet densities were not reported.
However, RDF pellets generally have densities in the range of 0.9 to 1.3
g/cm3; and the ratio of the pellet densities in the cases where the bulk
densities are 450 and 600 kg/m3 is 1.33. It follows that the void ratio
is 50 to 55 percent and that 'A' in the above equation has a value in the
range of 450 to 500 when the units are kg/m3 for bulk density and g/cm3
for pellet density.

Wiles [6] reports data from the National Center for Resource Recovery
(NCRR) that yields a value of A of 530 to 570. These higher values may
have been due to the inclusion of a significant amount of fines in the sam-
ples. For the purposes of this model, the value of A is taken to be 500.

No test data are available for performing a comparative mass input/
output analysis. According to the mass balance model, mass output is 99
percent of the input value, the loss being that of moisture vaporization
as a consequence of the extrusion process.

It is convenient to discuss the pellet density predictive capabil-
ity of the densification model in the energy model discussion inasmuch as
pellet density, extrusion pressure, and energy requirements are intimately
related. Consequently, an example is presented in the energy modeling
section to illustrate the interrelationship among the variables and to
compare predicted and actual values.

5.3 ENERGY REQUIREMENTS
5.3.1 Introduction

The specific energy consumption of densification is given by the
relation,

W
E. =& (11)
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vihere:

E_ = specific energy (kWh/Mg);
W = power consumption (kW); and
= mass throughput rate (Mg/hr).

The mass throughput rate is selected by the plant designer.

Typically, a pellet mill rated at 4.5 Mg/hr has a main drive motor
rated at 187 kW (250 hp). In practice, the mi1l may only achieve con-
tinuous throughput rates of about 3 to 4 Mg/hr. Also, during steady-
state operation, the experience of CRS has been that in general the motor
is substantially underutilized. Following is a method for determining
the actual power that is derived from fundamental theory and from empiri-
cal data.

The power to the main drive motor of a pellet mill (W) is subject
to the following factors:

1. motor inefficiency (WE)

2. freewheeling power to turn the die of the pellet mill and
the feeding mechanisms (Wg, )

3. marginal power (W,) which is the power beyond the start-up
power required fou the pellet flow, and which comprises
three factors:

a) frictional power (WF) which is required to overcome
the force of friction between a pellet and the die wall

b) deformation power (W.) which is the power required to
deform a compressed Bass of a given cross-sectional
area to a smaller cross-sectional area

c) compression power (W.) which is the power required to
compress a loosely pgcked mass such as fluff RDF into
a densely packed mass

4. pellet start-up power (W.) which is the power required to
initiate the flow of matgrial through a die

5.3.2 Motor Inefficiency

The efficiency of an electric motor depends on the design of the
motor and on the load. A fully loaded motor (i.e., one operating at its
rated load) generally has an efficiency exceeding 90 percent, while an
unloaded motor has an efficiency of zero percent. For the purposes of
this model, 3.5 percent of the motor's rated power is assumed to be lost
as heat due to the motor inefficiency. This value could correspond to a
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motor operating at about 30 percent of its rated load and an efficiency
of 90 percent, or to a motor operating at 20 percent load and 85 percent
efficiency. These values are in rough agreement with the characteristics
of typical induction motors rated at 100 to 500 hp and with the typical
operating loads of pellet mills tested by U.C. [2] and NCRR [7]. Thus,

W 0.035 wR (12)

E

where:

W- = power loss due to motor inefficiency (kW); and

W rated power of pellet mill main drive motor (kW).

5.3.3 Freewheeling Power

In the U.C. studies [2], 5 hp was required to turn the feed screws
and the pellet mill die. This was about seven percent of the rated power
of the drive motor (75 hp). In the model, the freewheeling power is
taken to be,

Wey = 0.07 Wp (13)

5.3.4 Pellet Start-Up Power

Data from both NCRR [7] and the U.C. [2] indicate that very small
mass throughputs require a much higher marginal specific energy than do
higher throughputs. This start-up phenomenon appears to be well pro-
nounced at flows of up to 0.1 Mg/hr in the U.C. study.

The start-up phenomenon may be due to several factors, among which
are the following:

1. Initiating the flow of a pellet requires that static
friction be overcome. The frictional force resisting
the flow of a pellet decreases once flow is initiated
and kinetic friction replaces static friction.

2. When the layer of material being forced into a die be-
comes small in comparison to the diameter of the die
into which it is flowing, the material begins to flow
in a direction more nearly perpendicular to, rather
than parallel to, the axis of the die opening. This
change in the direction of the flow lines results in a
d;amatic increase in the pressure required to maintain
flow.
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Both of these phenomena were observed in bench-scale, single-die tests at
the University of California.

From the NCRR [7] and U.C. [2] studies with commercial pellet
mills, the following empirical equation for the start-up power has been
derived:

WS = 0.004 A (14)
where:

WS = start-up power (kW); and

A = area of inner die surface (cmz).

5.3.5 Marginal Power

The marginal specific power (i.e., increase in power per additional
unit of throughput) is fairly constant. The three components of marginal
power (i.e., friction, deformation, and compression) are described in-
dividually below.

53,51 Friction

When the pressure is the same in all directions, the frictional
force resisting the flow of a moving solid material through a cylindrical
die opening is, ¢

L
FF = F0 exp [4 u B’} (15)
where:
FF = frictional force;
F0 = a constant having units of force;
u = coefficient of kinetic friction;
L = length of die; and

D = bore of the die openings.

The force terms (FF and Fj) can be converted to pressure (Pp and Pg) by
dividing by the cross-sectional area of the die openings. In the U.C.
single-die study [2], the coefficient of kinetic friction was found to be
0.1 and P0 was roughly 1000 kPa. Thus,
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P_ - 1000 exp [0.4 —L-] (16)

F D
where:

PF is the pressure required to overcome kinetic friction and
has units of kPa; and

L and D are in consistent units and are inputs to the model.

The frictional work is
= 17
We = [ Peav (17)

where:
V = volume of extruded material.

Since Eq. 16 shows the pressure PF to be constant for a given die
the frictional work, power, and specific energy are,

We = PV (18a)

ﬂF = PL0 (18b)
where:

Q = volume flowrate.

Ep = ;E (18c)
where:

o = density of the extruded pellets.

5.3.5.2 Deformation

The deformation pressure (PD) is the pressure required to deform
a cylinder of cross-sectional area 'A' to a cylinder of cross-sectional
1 1

area 'a'. For a crystalline material in which plane sections remain
plane during deformation, the theoretical deformation pressure is,

A
Pp= Y In 5 (19)

where:

Y = yield stress.
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Much of the simplicity of this equation (which is used primarily in
the field of metallurgy) is lost when the material in question has a
highly variable yield stress. The yield stress of a mass of RDF depends
on the size and composition of the particles, the moisture content, the
density of the mass, and the orientation of the forces acting on the
mass. Nevertheless, Eq. 19 serves as a useful starting point in the
prediction of the deformation pressure.

The U.C. single-die study [2] showed that, at a moisture content of
15 percent, the deformation pressure could be predicted with a reasonable
degree of accuracy by Eq. 19 when Y equalled 24,000 kPa (3500 psi).

The U.C. pellet mill experiments and single-die experiments both
showed that the effect of moisture content on pellet density was
approximately

dp
e = -0.02 (20)

where the units of p and MC are g/cm3 and percent, respectively.

As was explained previously in the section on the mass balance for
densification, the density of a pellet is related to the pressure re-
quired to form it by

p = 0.133 1n (0.14P - 1500) (21)

where p and P have units of g/cm3 and kPa, respectively.
Thus,

do _ 0.133 (0.14) (22)

P

Noting that the total pressure (P) required to extrude a pellet is
equal to the sum of the pressure required to overcome friction (PF) (which
is assumed to be independent of the moisture content) and the pressure to
deform the material (PD), and combining Eqs. 21 and 22 yields,

dPy
ac = 0.143 (11,280 - PD - PF) (23)

Integration yields

-1n(11,280 - PD - PF) = 0.143MC + C (24)

where C is a constant of integration.
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Evaluating C at a moisture content of 20 percent and a deformation
pressure of 24,000 1n A/a yields

C = -1n(11,280 - 24,000 1n A/a - PF) - 2.14 (25)
It follows that,
Py = (24,000 1n A/a) exp [0.143(15-MC)] (26)
+ (11,280 - PF) 1 - exp [0.143(15-MC)]

Eq. 26 indicates that the deformation pressure depends only on the
area reduction ratio (A/a), the moisture content of the feedstock, and
the frictional pressure. The frictional pressure affects the hardness or
density of the pellets, thus affecting the yield stress. The area reduc-
tion ratio in a commercial pellet mill is the area of the inner surface
of the die divided by the sum of the cross-sectional areas of all of the
openings in the die at the outer surface of the die (i.e., where the pel-
lets Teave the die).

Intuitively, one would expect that the composition and the size dis-
tribution of the feedstock would affect the deformation pressure. However,
there is no data that enables a quantification of the effect. Within the
normally encountered variations in the characteristics of RDF feedstock,
the model assumes there is no significant effect of the characteristics on
the deformation pressure.

The deformation work, power, and specific energy are given by the
following relations, respectively:

Wy = PpV (27a)
ND = PyQ (27b)
P
D
Ep = = (27¢)

5.3.5.3 Total Pressure

The total pressure of extrusion is given by

P=P,+P (28)
The pressure is an input to the mass balance model, and is used in deter-

mining the density of the product.
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5.3.5.4 Compression
Before material can be deformed at the entrance to a die opening or
pushed through the opening, it must be compressed from a loose fluff RDF
state to a compacted state at pressure P (i.e., PD * PF). The work
required for compression is
Ve
We=J Ppav (29)
i
i
From Eq. 21, the pressure is related to density,
PR=N7 o1 5exp ((7:52p) + 10,700 (30)
This Eq. 30 is not easily integrated by analytic methods. Furthermore,
it was developed for values of p of 0.9 g/cm3 and greater.

Ruf [1] determined that for shredded MSW, the pressure and density
were predicted by,

P =7 exp [2_67%52']' 42 (31)

This equation is valid up to a pressure of about 1300 kPa and a density
of about 0.6 g/cm3.

To determine the work and power of compression, one may integrate
Eq. 29 using stepwise numerical methods and assume that Eq. 32 is valid
up to a density of 0.7 while Eq. 31 is valid for densities of 0.8 and
higher. The results of the integration are given in Table 5.2. The
cumulative specific energy for densities in the range of 0.8 to 1.4
g/cm3 is approximated by

3.4p

EC =240 e (32)
where:

Ec = specific energy of compression (kd/Mg).
The power of compression is given by

HC = Ecm (33)
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Table 5.2. Stepwise Integration of Equations 31 and 32

(&) (2) (3) (4) (5)
Equation Marginal Cumulative
Density Used Pressure  Specific Energy Specific Energy
(g/cm3) (kPa) (kWh/Mg) kWh/Mg (kd/Mg)
0.1 18 10 0? 0 (0)
032 18 59 0.05 0.05 (180)
0.3 18 154 0.05 0.10 (360)
0.4 18 340 0.06 0.16 (576)
0.5 18 702 0.07 0.23 (828)
0.6 18 1,408 0.10 D-33 (1,188)
0.7 18 2,182 0.14 0.47 (1,692)
0.8 17 13,370 0.40 0.87 (3,132)
0.9 17 16,587 0.58 1.45 (5,220)
1.0 74 23,412 0.62 2.07 (7,452)
11 17 37,889 0.:17 2.84 (10,224)
1:2 117 68,599 1212 3.96 (14,256)
153 17 133,743 1.80 Sl (20,736)
174 i1 271,927 3.10 8.86 (31,896)

dThe feedstock has a density of about 0.1 g/cm3 so no work is required
to attain this density.
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5.3.6 Example

A summary of the methodology for determining the work for densifi-
cation is presented in Table 5.3. Table 5.4 illustrates the use of the
energy model. The specific energy predicted by the model is about 10 to
20 percent less than was obtained by the University of California in
measurements conducted on a 75 hp pellet mill. The underestimation of
the specific energy is probably appropriate inasmuch as the larger mills
(250 hp) typically used in commercial operations can be expected to oper-
ate more efficiently than the 75 hp mill used to develop the energy
model. Furthermore, the error decreases as the throughput increases.
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Table 5.3. Densification Energy Model Summary
Input Eqn.
to Model No. Equation Output
L,D 5 PF = 1000exp [0.4 (L/D)] PF [kPa]
A,a,MC 13 Py = (24,000 1n A/a)exp[0.143(15-MC)] Py [kPa]
+ (11,280 - PF)[l-exp[0.143(15-MC)]
15 P = PD * PF P [kPa]3
10 p = 0.133 1n[0.14P - 1500] o [g/cm’]
7 Ep = Pe/o E [kd/Mg]
14 Ep = Pp/o Ep [kd/Mg)
32 Ec =240 e i Ec [kd/Mg]
-- Ey = (EF +Ey* EC)/3600 En [kWh/Mg]
4 Wg = 0.004 A Wg [kl
R 3 wa = 0.07 NR wFN [kW]
2 wE = 0.035 NR HE [kW]
-- W= Wp + Hpy * W+ Eyth W [kW]
- Eg = W/ E [kWh/Mg]
Inputs Outputs
L = Die opening length [cm] PF = Pressure to counteract static
D = Die opening diameter [cm] friction [kPa]
A = Die internal surface area Pp = Deformation pressure [kPa]
[cm?] P~ = Total extrusion pressure [kPa]
a = Total die opening cross p = Pellet density [g/cm3]
sectional area [cm?] EF = Frictional specific energy [kJ/Mg]
MC = Feedstock moisture con- Ep = Deformation specific energy [kJ/Mg]
; tent [%] Ec = Compression specific energy [kJ/Mg]
Wp = Drive motor rated power EM = Marginal specific energy [kWh/Mg]
[kw] Wg = Start-up power [kW]
m = Mass throughput [Mg/hr] Wry = Freewheeling power [kW]
Wg = Motor power Toss [kW]
W = Total densification power [kW]
EO = Total densification specific

energy [kWh/Mg]
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Table 5.4. Densification Energy Model Example

Inputs

Drive motor rated power = 75 hp = 56 kW

Die opening diameter = 1.0 inch = 2.54 cm
Die opening length = 5 inches = 12.7 cm

2 _ 2026 cn®
Total die opening area = 86.4 in? - 557 cn?

Inner die surface area = 314 in

Feedstock moisture content = 15 percent
m ranges from 0.1 Mg/hr to 0.7 Mg/hr
Feedstock: Screened 1ight fraction

Outputs

PF = 7,390 kPa (1070 psi)

Pp = 30,970 kPa (4490 psi)

P = 38,360 kPa (5560 psi)

p = 1.10 g/cm3

EF = 6,720 kJ/Mg; Ep = 28,150 kJ/Mg: Ec = 10,220 kJ/Mg
Em = 45,090 kd/Mg (12.5 kWh/Mg)

HS = 8.1 kW3 NFN = 3.9 kW; NE = 2.0 kW
W=14.0+12.5 1t
E=12.5 + 14.0/h
Throughput (Mg/hr) 01 0.2 0.3 0.5 0.6 0.7

0.3 0.4 05 0.6 0.7
Specific Energy (Model) 152.5 82.5 59.2 47.5 40.5 35.8 32.5

Specific Energy (from 190.0° +#92.0 71.0 58.0 49.0 42.0 36.6
U.C. study)
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6. CONVEYING MODEL

6.1 BACKGROUND

The principal means of transporting material among unit operations
in resource recovery facilities is the use of mechanical conveyors. The
types of mechanical conveyors used are primarily belt and apron conveyors.
The type of conveyor used depends upon the material and upon the unit op-
eration served by the conveyors. Raw MSW is typically transported by an
apron conveyor, while rubber belted conveyors generally are used for size
reduced material.

The key operating parameters in the design of conveyors and in the
development of the conveyor model include mass flowrate, material com-
position, and its particle size distribution.

Shown in Figure 6.1 is a block diagram of a conveyor with the rele-
vant inputs and outputs. The subscript 'x' refers to individual compo-
nents (i.e., paper, glass, etc.) while the subscripts i,.o, and s denote
input, process output, and spillage, respectively.

The conveyor model was developed to a large extent from information
and test data presented by Khan, et al [1]. Khan and his co-workers
studied the spillage of several processed waste fractions from horizontal
and inclined belt conveyors.

6.2. DEVELOPMENT OF MASS BALANCE MODEL

The conveyor is modeled as a split stream process with the input
material being divided into two streams, spillage and process output.
Inputs, transfer functions, and outputs are summarized in Table 6.1. The
inputs include total mass flowrate, mi, component mass fraction, mfx’ com-
ponent size distribution, Zx’ component mass flowrate, mx,i’ spillage
factor, 9y» and conveyor length, L. Component mass flowrates are ex-
pressed as matrices with respect to size distribution and are broken down
by component. The spillage factor is also size and material specific.

It is expressed as a fraction of component mass input per unit length of
conveyor. Therefore, knowing the input mass flowrate, conveyor length,
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Table 6.1 Conveyor Transfer Relations

Inputs Transfer Equation Output

a) my; mfys X, by jo=mf xmx X g LW
b) hy,is L3 oy L Lby.i Ms
€l g3 L g, B o= -5l L By M0
hog o= Input mass flowrate of component x by size class conveyor.
L = Conveyor length.
g = Spillage by size class of component x per unit mass input flow per
- unit length of conveyor.
h s = Mass spillage rate of component x.
mx 0= Mass flowrate of component x by size class output from the

’ conveyor.
mi = Total input mass flowrate.
mfx = Mass fraction of component x.
X* i = Size distribution.
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and spillage factor, the spillage rate and process output flowrate can be
determined. The following example demonstrates how the mass balance
model predicts the spillage rate of a given component.

6.2.1 Example

The following example illustrates the use of the conveyor mass
balance model. First, the inputs to the model are defined:

1. Total mass input flowrate:
mi = 20 Mg/hr

2. Component (x) = glass (g1)

3. mf, . =0.1
ql,i
4. j = number of size classes
=5
5. Weight Percent Size (mm)
0.30 +9,53
.27 -9.53 +6.35
X = 0.23 -6.35 +2.82
=qgl,i
0.06 -2.82 +1.42
0.14 -1.42

(kg)
6. o ; =[0.4 0.4 0.4 0.4 0.4] =iy

-9.53 -6.35 -2.82

+6.35 +2.82 +1.42 142

Size class (mm) +9.53

7. - L =10um

The outputs are computed as follows:

1. Input mass flowrate of glass (mgl 2

i
@gl,i = mf 3 XX 5g1,1
0.30
(8167'7 3
= (0.1} (20) x '|0.23 Mg/hr
0.06
0.14
123

o




0.60
0.54
= [0.46 Mg/hr
()10
0.28

Cumulative mass flowrate of glass in the input stream (mg1 1.)

n

= 1
3=l

0.60 + 0.54 + 0.46 + 0.12 *+ 0.28 Mg/hr

2.0 Mg/hr

)

Mg1,i’;

n

Glass spillage rate (mx S)

=Lx9_g]xm1’1.

—X,S =4 :
0.60
0.54
- (10) x [0.4 0.4 0.4 0.4 0.4] x |0.46 kg/hr
o)l
0.28
2.40
2316
= |1.84 kg/hr
0.48
1e17

Cumulative glass spillage rate

&

m = o

)
ql,s jal

mgl,sj

=2.40 + 2,16 + 1.84 + 0.48 + 1.12 kg/hr
= 8 kg/hr

Size distribution of spilled glass (591,5)
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[2.40 |
2.16
- |1.84| kg/hr
0.48
1.12

8 kg/hr

[0.30]
0.27
. 8.7
0.06

Lo.14_

6.3 ENERGY REQUIREMENTS

The power required to operate a conveyor is the sum of the power
required to move an empty belt, to convey material horizontally, and to
1ift material. A1l three components of the power can be derived from
basic physical laws for both apron conveyors and belt conveyors. How-
ever, a knowledge of the value of the coefficient of friction between
sliding parts is required to determine the first two components, and the
value may vary considerably for various conveyor widths and lengths.
Furthermore, stretching of belts and other factors complicate the cal-
culations. Empirical equations have been developed for the power re-
quirements of belt conveyors. Theoretical equations, with assumed values
of apron weights and coefficients of friction, are used here for apron
conveyors. Both methods are based on models given by Henderson and Perry
[2] and by Marks [3].

6.3.1 Belt Conveyors

The three components of the power to drive a belt conveyor are,

P, =1.5v (A+BL) (1)
P2 = 0.0082 m (0.48 + 0.01 L) (2)
Py = 0.0027 H (3)
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where:

P, = power to drive empty belt (kW);

P2 - power to convey material on level (kW);
P3 = power to 1ift material (kW);

v = belt speed (m/s);

A,B = coefficients based on belt width;
- mass flowrate (Mg/hr);
= belt length (m); and
= height of 1ift (m).

The mass flowrate, belt length, and height of 1ift are all inputs to the
conveyor model, the mass flowrate being derived from the mass balance of
the equipment feeding the belt and the last two variables being chosen by
the designer.

For purposes of this model, a typical belt speed of 0.8 m/s can be
used. The coefficient 'A' can be approximated by,

A =0.60 W (4)

where:

W = belt width (m).

This approximation is derived from tabulated values given in Ref. 2. The
coefficient 'B' can likewise be approximated as,

B =0.013 W (5)
The belt width is

W =0.278 h/(pvd) (6)

where:

W = belt width (m);

m = mass flowrate (Mg/hr);

p = material density (kg/m3);

v = belt speed (m/s); and

d = average depth of material over the width of the belt (m).

The density is an input to the conveyor model, and the belt speed is
assumed to be 0.8 m/s. The average depth can be taken to be 0.05 W.
This value is a compromise between acceptable maximum depths given in
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Ref. 2 (about 0.09 W) and depths derived from data provided by one manu-

facturer (about 0.02 W). It follows that

i

W=2.6 (M/p)} (7)

The coefficients 'A' and 'B' can then be given as

172

A=1.6 (h/p) (8)

1/2

B = 0.034 (m/p) (9)

Substituting these values into Eq. 1, letting the belt velocity be 0.8
m/s, and assuming a motor efficiency of 90 percent yields

m 172
Pb = 2.1 (=) (1 +0.021 L) (10)
C P

+ 0.0044 h (1 + 0.021 L + 0.69 H)
where:

Ppc = power requirement of a belt conveyor (kW).

6.3.2 Apron Conveyors

The power required to move an apron conveyor is the product of
frictional force resisting the motion and the, velocity of the conveyor.
The addition of material to the conveyor increases the power requirement
by increasing the frictional force which is directly proportional to the
weight of material on the conveyor. The power required to raise the ma-
terial to any desired elevation is the same as for belt conveyors. Marks
[3] gives the total force required for conveying as

FaC = L(F % Fl) (u cose + sine) *+ FL (u cose - sine) (11}
where:

Fac = force to move the apron conveyor;

L = conveyor length;

F = weight of the conveyor per unit length;

F1 = weight of the material on the conveyor per unit length;

u = coefficient of friction between the conveyor and the channel

in which it slides; and
e = angle of inclination of the conveyor.
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The coefficient of friction of rollers that are often used is about
0.1. The length is specified by the designer. The weight of the con-
veyor per unit of length is

F = 500 W (12)
where:

weight per length (MN/m); and

n

conveyor width (m).

Eq. 12 is based on the weight of steel aprons supplied by one manufac-
turer. The width of the apron is specified by the designer. The weight
of material on the belt per unit of length is equal to

0.28 %ﬂ (13)

—
"

Fl = weight of material per length (N/m);
v = conveyor velocity; and
g = acceleration of gravity (9.8 m/s2).

The velocity is selected by the designer. The angle of inclination is
given by

o = sin”! (}) (14)
The height of 1ift (H) is selected by the designer. Eq. 11 can be
rewritten as

Eomdlr By

e (100 W + 0.27 h/v) (15)

+ 2.7 H /v

The power, when the motor efficiency is 90 percent is

P - (L2 - Y2 (0,11 W v + 0.0003 M) (16)

+ 0.003 H
where:

P = power (kW);
L = conveyor length (m);
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th = mass flowrate (Mg/hr);
H = 1ift (m); and

v = conveyor velocity (m/s)

6.4 REFERENCES
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PREFACE

The Task 4 Report presents the economic models for the unit oper-
ations described in the Task 3 Report, namely:

Size Reduction

Air Classification
Trommel Screening
Ferrous Separation
Densification
Conveying

The economic models are broken down in terms of capital, operating,
and maintenance cost elements. In the report are presented the develop-
ment of the cost models, background information, and governing relations.
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1. INTRODUCTION

An economic model for the unit operations in a resource recovery
system is presented herein. The report is organized according to cost
component (i.e., capital, operation, maintenance, residue disposal, and
revenue from the sale of materials) with the unit operations (size reduc-
tion, air classification, screening, ferrous material separation, densi-
fication, and conveying) discussed as sub-categories under each cost com-
ponent. The reason for this method of organization is that the portion
of each cost component that is attributable to each unit operation often
is not determinable when the unit operation is considered in isolation
from the rest of the system.

The capital and maintenance cost equations primarily are based on
price estimates and quotes from equipment suppliers, from published data
on existing resource recovery operations, and from information obtained
during interviews with managers of existing operations. In a few cases,
estimates of the labor required to maintain equipment are based on CRS's
experience. A wage rate of $30/hr is assumed in these instances. Main-
tenance costs include both labor and supplies.

The base cost of the equipment (i.e., uninstalled) is adjusted by
the amounts indicated in Table 1.1 to arrive at an installed cost.

The operating labor requirements were estimated on the basis of
CRS's in-plant field test experience and engineering judgment. The en-
ergy requirements are an input to the economic model. They are deter-
mined from the mass and energy requirements reported in the Task 3 Report.

The revenue from the sale of recovered materials and the cost of
disposing residue are derived from the mass of recovered material and of
residue, both of which are calculated in the mass balance model and are,
thus, inputs to the economic model.

Several design and site-specific cost inputs must be supplied by
the user of this model. They are noted in the text as the need for them

arises.
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Table 1.1. Adjustments to Base Costs of Equipment

Cost Item Equipment Adjustmenta (%)
Engineering services A1l 10
Contractor overhead and profit All 10
Instrumentation, controls, and Al 20
other accessory equipment
Sales tax All b
Transportation All 5
Foundations Hammermill shredder 12

Air classifier 5
Trommel screen 5
Ferrous magnet 15
Pellet mill b
Conveyors 2
Installation Hammermi1l shredder 9
Air classifier 22
Trommel screen 22
Ferrous magnet 22
Pellet mill 9
Conveyors 30

a Adjustments are given as percentages of the uninstalled equipment

cost.
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The accuracy of the model is estimated to be as follows:

1. Capital costs - #20 percent
2. Operating costs

a. Labor - #30 percent

b. Energy - *+30 percent, -10 percent
3. Maintenance costs - *30 percent

4. Disposal costs - accuracy is limited by the accuracy of
the mass balance model

5. Revenue - accuracy is limited by the accuracy of the
mass balance model

The requirement for operating labor depends on the design and degree of
automation of the system. The associated error is estimated to be within
the range of *30 percent. The maintenance cost data provided by plant
managers and by equipment suppliers varied widely. Consequently, the
maintenance costs estimated by the model are considered accurate within
the range of #30 percent.

An important limitation on the accuracy of the model derives from
the assumption that equipment is operated at its rated capacity. The un-
derutilization of equipment can result in a significantly higher unit
cost of capital than what the model predicts. Other costs may also be
affected to a smaller degree.

The model is valid for the following mass throughput rates:

Hammermill shredder - >20 Mg/hr
Air classifier - 20-80 Mg/hr
Trommel screen - 20-80 Mg/hr

B W N =

Ferrous magnet

a. Shredded MSW feedstock - 15-70 Mg/hr

b. Air classified feedstock - 37-130 Mg/hr
5. Pellet mill - >4 Mg/hr

6. Conveyors

a. Belt conveyors - >3 Mg/hr for material of 50 kq/m3
density (a correspondingly higher limiting through-
put exists for denser material)

b. Apron conveyor - Belt width of 1.2-2.4 m

In cases where an upper limit to the throughput rate is given, the costs
for higher rates may be estimated by assuming that the unit cost for the
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higher rate is equal to the unit cost for the maximum rate specified
above. The limits on the throughput rates mainly arise from the trends
evident in the capital cost for various sizes of equipment. Upper limits
on the throughput rates occur for unit operations for which there are
significant economies of scale within the given range of throughputs.

Costs that are not included in the model include:

Building and site improvement
Utility connections to the plant site
Supervisory, clerical, janitorial, and other indirect labor

S W N

Transportation of salable materials and residue except to
the extent that the user of the model includes these costs
in the unit price of recovered material and the unit cost
of residue disposal

5. Loading raw MSW into the initial unit operation
6. Storage of MSW, residue, and recovered materials
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2. CAPITAL COSTS

The models described herein represent the capital costs (in 1984
dollars) of refuse processing unit operations. The models for each unit
operation (i.e., size reduction, etc.) are developed and reported in sep-
arate subsections. A summary of the relations for the capital costs of
the various unit operations is given in Table 2.1.

2.1 SIZE REDUCTION

CRS [1] found the average price of several hammermills for primary
and secondary size reduction to be $10,600/Mg/hr and $11,600/Mg/hr (1984
dollars) respectively. The mills considered were designed to shred 30 to
60 Mg/hr in the case of primary size reduction and 30 to 50 Mg/hr in sec-
ondary size reduction applications. Since there was substantially no
economy of scale over those ranges, the prices can be considered valid at
throughputs of 20 Mg/hr or more.

Including the adjustments given in Table 1.1, the installed capital

costs become:

cph = 18,100 mph ; )

CSh = 19,800 msh (2)
where:

Cph = installed cost of a primary hammermill shredder (8);

Csh = installed cost of a secondary hammermill shredder (8);

mph = rated capacity of the primary shredder (Mg/hr); and

msh = rated capacity of the secondary shredder (Mg/hr).

2.2 AIR CLASSIFICATION

The cost of air classification is more variable than the cost of
most other refuse processing equipment. There are some basic differences
in the design of air classifiers used in resource recovery operations
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Table 2.1. Capital Costs of Unit Operations

Range of
Throughputs
Unit Operation Type of Equipment Cost (38) (Mg/hr)
Primary Size Reduction Hammermill Shredder 18,100 > 20
Shear Shredder
Secondary Size Reduction Hammermill Shredder 19,800 » 520
Air Classification Vertical Air Classifier 16,000 m - 100 m2 20 to 80
with Cyclone and Baghouse
Screening Trommel Screen 8600 m - 13 m2 20 to 80
Disc Screen
Ferrous Material Recovery Multiple Cross-Belt 71,900 + 540 mg 15 to 70
Magnet 71,900 + 220 37 to 175
Densification 41,000 th > 4
0.5
Conveying Belt Conveyor 3702.6(%) " (100+1.1L)+L1[1+0. 2( sin"] B <
Apron Conveyor 1020[6.9+LI[7+WI[1+0.2(sin"} %)] (d)

a Equation valid for shredded MSW.
Equation valid for air classified heavy fraction.

C Lower limit of throughput rate is given for material of 50 kg/m3 density. The lower limit would be
higher for denser material.

d valid for belt widths of 1.2-2.4 m and inclination angles of 0-0.8 rad.



(e.g., horizontal, vertical, vibrating systems, etc.) that give rise to
the price variations. Furthermore, most air classifiers include exten-
sive duct work for conveying both solids and air. The configuration of
the duct work is generally site-specific.

Cost data collected by Midwest Research Institute (MRI) [2] indi-
cate that the costs of two air classifiers designed to process similar
amounts of refuse may vary by a factor of two or more. However, if the
small experimental air classifiers that were studied are not considered
in the development of a capital cost model, the cost data collected by
MRI supports the following capital cost equation:

2
Cac = 16,000 mac - 100 mac (31
where:
Cac = installed cost of an air classifier with a cyclone and
baghouse (3); and
mac = rated mass throughput rate of the air classifier (Mg/hr)

Eq. 3 is valid in the range of 20 to 80 Mg/hr.

2.3 TROMMEL SCREENING

Adjusting the average of costs obtained from two manufacturers of
trommel screens by the factors given in Table*1.1 yields the following
cost equation for trommel screens:

2
CtS = 8600 mts - 13 mts (4)
where:
Cis = installed cost of trommel screen (%); and
mts = rated mass throughput rate of the trommel screen (Mg/hr).

Eq. 4 is valid in the range, 20 < e < 80 (Mg/hr).

2.4 FERROUS MATERIAL RECOVERY

Ferrous material may be recovered by a single cross-belt magnet, a
multiple cross-belt magnet, a rotating drum magnet, or other devices. A
multiple cross-belt magnet is used as a basis for the model.
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Cost information was obtained from a manufacturer of a multiple
cross-belt (MCB) magnetic separation system specifically designed for MSW.
Such equipment is used in several full-scale resource recovery operations.
Adjusting the prices quoted by the manufacturer for MCB magnetic separa-
tion systems suitable for throughputs of 15 to 70 Mg of shredded MSW per
hour yields,

C 73,100 + 550 (5)

foi fe
where:
Cf - installed cost of ferrous material recovery system for
S shredded MSW feedstock (8); and
mfe = rated mass throughput rate of the magnet for shredded MSW

feedstock (Mg/hr).

Other firms quoted prices for single cross-belt magnets that are
about 30 to 50 percent of the price given above. This is reasonable in-
asmuch as the modeled system includes three magnets.

Eq. 5 is valid for shredded MSW. The capacity of a ferrous separa-
tion system is actually a function of volume rather than mass. Thus,
rated mass throughput rate should vary linearly with the density of the
feedstock. Since the heavy fraction from an air classifier is typically
2.5 times as dense as shredded MSW, the cost function for a ferrous mate-
rial removal system when the heavier material is the feedstock is,

Cep = 71,900 + 220 the, (6)
where:
th = installed cost of ferrous material recovery system for
air classified heavy fraction (8); and
mfh = rated mass throughput rate of the magnet for air classified

heavy fraction (Mg/hr).

Eq. 6 is valid in the range of 27 to 130 Mg/hr.

2.5 DENSIFICATION

Two manufacturers quoted prices in the range of 875,000 and
$100,000 for pellet mills rated at 4.5 Mg/hr. Both machines, according
to the manufacturers, can handle more than 6 Mg/hr of feedstock under
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conditions of uniform flow and ideal moisture content (15 to 20 percent).
However, the costs must be interpreted in 1ight of the fact that the pel-
let mills handling RDF never achieve the quoted values of capacity. For
example, the pellet mills at the Baltimore County resource recovery plant
have a throughput capacity of about 2.7 Mg/hr, although they are rated at
4.5 to 6.4 Mg/hr.

In the model, the throughput rate is taken to be 4 Mg/hr, the higher
cost figure (i.e., $100,000) is used, and the total adjustment factor is
64 percent. Thus, for throughput rates of greater than 4 Mg/hr,

CD = 41,000 mD (7)
where:

Cc = installed cost of pellet mill ($); and

thp = mass throughput rate of pellet mill (Mg/hr).

2.6 CONVEYORS

Information from three manufacturers indicates that the cost of
belt conveyors can be approximated by

C = [20,000 W + 200 (1 + 1.1 W) L] [1 +0.2 (sin™t B3 (8)
where:

L = cost of belt conveyor (8);

W = belt width (m);

I = length of conveyor (one half of the belt length) (m);

H = vertical 1ift (m); and

sin”! = angle (rad).

It was shown in the section on conveyor power that the appropriate
belt width can be calculated as

1/2

W=2.6 (h/p) (9)

where:

th = mass flowrate (Mg/hr); and
o = density (kg/m3).
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Substituting for W in Eq. 8 and multiplying the base cost by 1.85 to ac-
count for installation yields the following cost equation for an installed

belt conveyor,

Cye = 370 [2.6 (0/p)/2 (100 + 1.1 L) #L) [1 + 0.2 (sin”t P11 (10)

b
Eq. 8 was developed from cost data obtained for belts of 0.6-1.2 m in
width. It follows from Eq. 9 that the minimum throughput rate for which
the model is valid depends on the density of the material. For a mate-
rial with a density of 50 kg/m3, the minimum throughput is about 3 Mg/
hr.

The cost of apron conveyors supplied by one manufacturer is

approximated by

C - [3800 + 550L] [7 *+ W] [1 + 0.2 (sin”} & )3 (11)
where:

C = cost of apron conveyor (8);

W = conveyor width (m);

L = conveyor length (m); and

H=1ift (m).

Adjusting the base cost by 85 percent yields the installed cost,

Cpp = 1020 [6.9 + LT [7 + W] [1 + 0.2 (sin"t B3 (12)

Eq. 12 is valid for belt widths of 1.2 to 2.4 m and inclination angles of
up to 0.8 rad.

2.7 REFERENCES

1. Savage, G.M., D.J. Lafrenz, D.B. Jones, and J.C. Glaub, Engineerin
Design Manual for Solid Waste Reduction Equipment, prepared for U.g.
EPA under Contract No. 68-03-2972, 1982.

2. Hopkins, V., B.W. Simister, and G.M. Savage, Comparative Study of
Air Classifiers, prepared for U.S. EPA under Contract No. 68-03-2730,
198T.
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3. OPERATING COSTS

The operating costs are composed of Tabor costs and energy costs.
The unit processes discussed in this report use electrical energy only.
Usually, no operating supplies are required. Materials and supplies re-
quired for maintenance are included in the maintenance cost model.

In the cost model the labor requirements are determined for the
entire processing system rather than for each individual unit operation,
except in the case of densification. The reason is that the labor re-
quired for a unit operation depends to a large extent on the configura-
tion of the entire system. Furthermore, the allocation of labor among
pieces of equipment is difficult to model. The allocation of labor for
conveyors is one example.

The model for labor is valid for systems with throughput rates ex-
ceeding 10 Mg/hr and is designed to account for multiple processing lines.
The model for energy costs requires inputs from the models for the energy
requirements of the various unit operations.

3.1 LABOR

The unit cost of labor is given by the equation,

G
et s m_L (1)
1
where:
UCL = unit cost of labor (8/Mg);
CL = cost of labor to operate the plant (3/hr); and
ml = mass flowrate of raw MSW.

The hourly cost of labor (CL) is equal to the product of the wage
rate and the number of machine operators and spotters, i.e.,

N W N (2)

sk

2 +
CL =Wy I My

P
= =
L™ ga .

a1
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where:

= fully burdened wage rate for equipment operators;

m
Ns = fully burdened wage rate for spotters;
Nm = number of equipment operators in plant;

NS = number of spotters in plant;
k = group of unit operations; and
p = number of unit operation groups in plant.

Equipment operators are those who control machinery from a control room
and monitor operations via closed circuit television. Spotters monitor,
and sometimes control, processes in situ and have verbal contact with the

equipment operator(s) via radio or telephone.

The unit operation groups (UOG's) comprise one or more unit opera-
tions, and each operation includes one or more pieces of equipment. The
number of pieces of equipment in each unit operation is selected by the
designer. The UOG's are as follows:

UG 1 (k=1) comprises unit operations other than conveying

that receive raw MSW.

UOG 2 (k=2) comprises any one of the following unit opera-
tions that immediately follows UOG 1: size reduction,
screening, and air classification.

UOG 3 (k=3) includes any two of the three unit operations
specified under UOG 2 that are not included in UOG 1 or
UOG 2. It should be noted that a unit operation may
occur at more than one place in the processing system
and is considered a separate unit operation each time
1EOCEIURSE

UoG 4,5,6,etc. (k=4,5,6,etc.) include three of the unit oper-
ations specified under UOG 2 that are not included in a
previous UOG.

UOG p (k=p) includes only densification.

Ferrous material separation and conveying are not included in any
unit operation group because, in typical operations, they do not warrant
the utilization of a significant amount of marginal operating labor.

Figure 3.1 illustrates the grouping of unit operations into unit
operation groups in a hypothetical processing plant. In some instances,
the assignment of a unit operation to a particular UOG is arbitrary. For
example, air classification could have been assigned to UOG 3 rather than
to UOG 4; and secondary size reduction or fine screening could have been
included in UOG 4 rather than in UOG 3.
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In the operating cost model, the wage rates (wm and NS in Eq.
2) are inputs to the model as are the number of UOG's (p).

For the three unit operations, size reduction, screening, and air
classification, the operating labor requirement is calculated by first

computing a 'use factor' viz

oo

A= I ot (3)

Koo My
where:

Ak = use factor for UOG k;

mki = mass throughput rate (Mg/hr) for processing line i of UOG k;
and

n = number of processing lines in UOG k.

For the system shown in Figure 3.1, the use factor for unit opera-
tion group 3 is calculated as follows (note that n, equals two because
there are two processing lines, one for secondary size reduction and one
for fine screening):

: m&b (4)
=1 "3
T

51, 51

= 50 ' 5TFI0
=RIRG7

By similar calculations, the values of Al’ A2, and A4 are
determined,

A; = 0.86
Ay = 0.86
Aqg = 0.70

Except when A1 + A2 < 1, the number of machine operators and spot-
ters is determined by

Ay
Ny = INT K+ 1 (5)
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where:

Ntk
INT

= number of machine operators plus number of spotters
required for UOG k.

indicates that only the integer part of the quantity in
brackets is taken. That is, the value in brackets is
rounded downward to a whole number.

I A1 < A2 < 1, then NT2 equals zero and NTl is calculated from Eq. 5.

Letting

Nk
Nsk

= number of machine operators required for UOG k, and
= number of spotters required for UOG k

and noting that

Ntk

= Nmk * Nsk

the number of machine operators and spotters is given by

N1k

Nmk

Nsk

Using Egs.

= Nmk when k=1 (6a)

N7k
INT |—=| when k=2 or p>k>3 (6b)

L}

N
INT [_EEJ when k=3 (6¢)

5 and 6 to determine the labor requjrements for the system

shown in Figure 3.1 (excluding densification) yields,

el
N
N
N
N
Nm?
N

N

Thus, two

T2 =
T8
T4 T

ml ~

m3 =

m4 =

- INT [Qéﬁ + 1} - INT (1.43) = 1

1l

equipment operators and two spotters are required.
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The labor requirement for densification (k=p) is founded on the es-
timation that one spotter can operate up to four pellet mills. Thus,

NTp = NSp
n

If INT [2§] . 223 then N, —g (7a)
n n n
If INT [—g] < —g then N = INT [—§]+ 1 (7b)

In Figure 3.1, there are ten pellet mills (np = 10). Then

10 10
INT {—4-] < -—4‘
So
N__ = INT (2.5) +1
sp
=3

That is, three pellet mill operators are required.

The entire system shown in Figure 3.1, then, requires two equipment
operators in the control room and five spotters. Assuming a fully bur-
dened wage rate of $25/hr for both equipment operators and spotters

yields, from Eq. 2,

CL = 25(2) + 25(5)
= $175/hr

Substituting this value in Eq. 1 and noting that the mass input to
the system is 60 Mg/hr yields a unit cost for labor of $2.92/Mg.

3.2 ENERGY

The specific energy requirements (i.e., energy per unit mass of
feedstock to a given unit process) for each unit process (Eo) are pre-
sented in the Task 3 Report and are summarized in Table 3.1. A1l of the
energy is in the form of electricity.

The unit cost of energy for unit operation j is

UCE; = PEoj (8)
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Table 3.1. Specific Energy Requirements

iAW sEDEERSEIS Loz -

Size Reduction

Air Classification

Screening

Ferrous Separation

pDensification

Conveying

Note: The equations given in this table are described i

Hammermill Shredder

Vertical Air Classifier
with Baghouse

Trommel Screen

Multiple Stage
Cross-Belt Magnet

Rotary-Die
Pellet Mill

Belt Conveyor

Apron Conveyor

Unit Operation Equipment Specific Energy (kWh/Mg)

n

{ g m. A Z .bi}
: 1 1 01
i=1

(9.63 + 0.001 v2) Q/m

0.4

0.36

See Figure 5.3 in Task 3 Report

2.1 (29172 (1 + 0.021 1)
(¢]

+ 0.0044 (1 +0.021 L *+ 0.69 H)

(L.

+ 0.003 H

n the Task 3 Report.

_ w2 (0.11 W v/ + 0.0003)




where:

UCEj = unit cost of energy for unit operation j (8/Mg);
P = price of electrical energy (8/kWh); and
on = specific energy requirement for unit operation j.

The price is an input to the model.

The unit cost of energy for the entire processing system is given
on the basis of a unit mass of MSW feedstock to the plant,

% B
] (uc j mJ)
UCES S e (9)
s
where:
UCES = unit cost of energy for the processing system (3/Mg);
mj = mass throughput rate to unit process j (Mg/hr); and

mS = mass throughput rate to the processing system (Mg/hr).
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4., MAINTENANCE COSTS

The unit cost of maintenance for each unit operation is given in
the following section. The costs are summarized in Table 4.1.

4.1 HAMMERMILL SHREDDER

In studying the operation of size reduction equipment in several MSW
processing systems, CRS [1] found maintenance labor costs for primary
shredding to range from 20.003/Mg to $1.12/Mg, with an average of $0.26/Mg
(the figures in the report are increased by 50 percent to account for the
$30/hr wage rate used in this model). The cost of hardfacing alloy and
hammer replacement is reported by CRS as 20.18/Mg and 30.35/Mg respectively
for primary shredding. The total maintenance cost is thus, $0.79/Mg if no
extraordinary repairs are required. For secondary shredding, the CRS re-
port cites a labor cost of $0.48/Mg and hammer replacement costs of $0.23/
Mg. The costs of hardfacing alloy were not determined in the CRS study.

Table 4.1. Unit Costs of Maintenance

Type of - Unit Cost
Unit Operation Equipment (8/Mg)
Size Reduction Hammermi1l Shredder 0.80
(Primary and Secondary)
Air Classification Vertical Air Classifier 0.30

with Cyclone and Baghouse

Screening Trommel Screen 0.20
Ferrous Material Cross belt Magnet 0.02
Recovery
Densification Pellet Mill
SLF Feedstock 3.70
ACLF Feedstock 5.00
-5 cc
Conveying Belt and Apron Conveyors Lok I X =
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A review of maintenance costs for the Ames resource recovery plant
in 1983 indicates a unit maintenance cost of $0.82/Mg, expressed in 1984

dollars.

A unit cost of $0.80/Mg is used in this model for both primary and

secondary size reduction via a hammermill shredder.

4.2 AIR CLASSIFICATION

In studying seven air classifiers at MSW processing plants, Midwest
Research Institute (MRI) was able to obtain reliable maintenance data
only from the plant at Ames, Iowa [2]. Based upon the MRI report, the
cost of maintenance and electricity is $0.75/Mg when expressed in 1984
dollars. Electricity consumption was 7.5 kWh/Mg, and cost $.057/kWh
(1984). This leaves about $0.30/Mg for maintenance which is the figure
used in this model.

4.3 TROMMEL SCREENING

In a detailed study of the trommel screen at the Baltimore County
plant [3], Midwest Research Institute found the maintenance costs of the
10 Mg/hr screen to be about $0.30/Mg (assuming $30/hr for labor). Inas-
much as the screen suffered breakdowns, such as the repeated cracking of
a carrier ring, that would not be expected in an optimally designed and
operated screen, the maintenance cost for trommel screening is taken to
be $0.20/Mg.

4.4 FERROUS MATERIAL RECOVERY

Manufacturers indicated that the belt is the most likely source of
maintenance costs. The belt is generally covered with metal pads that
must be replaced when worn or displaced. The pads typically cost less
than $100 each, and at the Ames RDF plant only a few need replacing each
year. Since the plant processes more than 60,000 Mg of MSW per year, the
cost of pads amounts to less than 30.01/Mg. In the model, a unit mainte-
nance cost of $0.02/Mg is used. This would correspond to one hour of
labor per week and 3400 of supplies per year in a magnetic separation
system receiving 50 Mg of feedstock per hour (100,000 Mg/yr). The annual
cost of Tabor and supplies is assumed to vary linearly with the through-
put.
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4.5 DENSIFICATION

Information from two manufacturers of pellet mills regarding main-
tenance costs can be summarized as follows:
1. The total cost of maintenance is about twice the cost of

die maintenance or about 170 percent of the cost of die
and roller maintenance.

2. Dies have a useful life of 3600 to 6400 Mg when screened
light fraction (SLF) with an ash content of about 10 per-
cent is the feedstock. The die 1ife is 3400 to 4800 Mg
when air classified 1ight fraction (ACLF)
of 20 to 25 percent ash content is the feedstock.

3. Dies must be reconditioned once during their life at a
cost of about 1500 each.

4. Up to four rollers are replaced for each die replacement.
Rollers cost about %900 each.
From these data, the expected total unit maintenance cost for den-
sification of SLF and ACLF is estimated to be 23.7/Mg and 35.0/Mg
respectively.

4.6 CONVEYORS

The cost of maintaining conveyors is dependent on several factors
such as the abrasiveness of the material being conveyed, the height from
which the material is dropped onto the conveyor, etc. Since there is a
paucity of data on the cost of maintaining conyeyors for various material
fractions in MSW processing plants, a cost of 3 percent of the installed
capital cost per 2000 operating hours is used in this model. The unit

cost of maintenance is

-5 Cc
UcM_. = 1.5 x 1077 — (1)
(> mc

where:

UCMC = unit cost of maintenance of conveyors ($/Mg);
C
c

mc = mass flowrate on conveyor (Mg/hr).

installed cost of conveyors (%); and

As a point of reference, it may be noted that, according to this
equation, a horizontal belt conveyor carrying 15 Mg/hr of material with a
density of 100 kg/m3 and being 20 m Tong and 1 m wide would cost $0.05/
Mg or $1580/yr to maintain.
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5. RESIDUE DISPOSAL COSTS

The residue disposal costs are modeled on a plant-wide basis rather
than on a unit process basis, because the output from one unit operation
is often the feedstock to another unit operation. The unit cost of res-

idue disposal is,
UCR = mfr X Cr (1)

where:
UCR = unit cost of residue disposal (3/Mg of feedstock to the
system);
mfr = mass fraction of MSW feedstock that is disposed; and

C. = cost of disposing residue (8/Mg).

The cost of disposal, Cr’ includes the cost of transporting the residue
from the processing plant to the disposal site as well as the cost of
disposal. The mass fraction to be disposed (mfr) is an input to the
economic model and is determined from the mass balance model. It is
equal to one minus the sum of the mass fractions recovered as salable

materials.
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6. REVENUE

The income from the sale of recovered materials is modeled on a
plant-wide basis, because allocating revenues to a particular unit opera-
tion is arbitrary when more than one unit operation contributes to the
recovery and upgrading of the material. The unit revenue is

UR = (mffe X Pfe) + (mfrdf X Prdf) (1)

where:
UR - unit revenue from the sale of recovered materials (%/Mg of
raw MSW feedstock);
mffe = mass fraction of raw MSW recovered as ferrous scrap;
mfrdf = mass fraction of raw MSW recovered as refuse derived fuel;
Pfe = price of ferrous scrap, FOB the processing plant; and
Prdf = price of refuse derived fuel, FOB the processing plant.

The mass fractions are determined from the mass balance models.
The prices are inputs to the model and are assigned by the user of the
model.

158



Task 5 Report
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PREFACE

The Task 5 Report presents the models for the mass balance, energy

requirements, and economics of the following generic unit operations:

Shear Shredding

Disc Screening

Glass Separation
Non-Ferrous Separation

Mass balance and energy requirement models are presented in Sections 1
through 4; and the economic model is presented in Section 5.

Also presented in the report are the derivations of the models and

their limitations.
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1. SHEAR SHREDDER MODEL

1.1 BACKGROUND

The shear shredder is receiving attention as a means of achieving
the desired degree of size reduction of the combustible portion of MSW,
while avoiding the pulverization of the inert material, such as glass.
Shear-shredded solid waste, consequently, has been purported to be more
suitable for removal of inerts for production of high quality RDF than the
product resulting from high-speed shredding, such as hammermilling.

Shear shredders, unlike hammermills, are by design lTow-speed size
reduction devices. They accomplish size reduction through tearing and
shearing effected by offset counter-rotating cutters. The size reduced
material falls through the spaces among the cutters. An additional pur-
ported, although undocumented, advantage of shear shredders is that their
low-speed design results in a lower potential for explosions than high-
speed size reduction units.

The size reduction model for shear shredding is formulated to de-
scribe the product size distribution and energy requirements associated
with solid waste comminution under given conditions of feed size distri-
bution and of machine configuration. The model is structured to simulate
refuse comminution as a function of the type of components comprising the
feedstock. No detailed published literature is available on the size re-
duction performance of shear shredders. Consequently, the development of
the shear shredder model follows entirely from a theoretical approach.

The basic block diagram for the shear shredder model is shown in
Figure 1.1.

1.2 DEVELOPMENT OF MASS BALANCE MODEL

1.2.1 Description of Model

The solid waste size reduction model has been developed using the
concept of linear, size discrete comminution kinetics. The approach has
been followed previously by a number of researchers in the field of
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mineral comminution. With regard to the development of a model for the
shear shredding of solid waste, the linear, size discrete approach allows
convenient matrix representation of the process. Thus, the representa-
tion is amenable to simulation by digital computer. In the development
of the size reduction model, the governing equations of comminution are
derived initially from the consideration of the batch milling process and
are subsequently extended to continuous steady-state milling by invoking
the concept of the residence time distribution of material within the
mill cavity.

The governing relations are developed for a single-component ma-
terial and extended to multi-component size reduction through the assump-
tion of linearity, i.e., the breakage behavior of each component is con-
sidered to be independent of the presence of other components. The model
computes the size distribution for each component. The cumulative size
distribution for the mixture is computed as the sum of the products of
the component size distributions and their respective mass fractions
present in the feed.

The model uses the concept of selection and breakage functions to
describe the breakage of material within the size reduction device. The
use of the functions allows different types of size reduction devices to
be modeled inasmuch as both selection and breakage events are governed to
a large degree by the internal geometry of the mill and by its operating
conditions. In addition to the machine parameters, the properties of the
material also influence its breakage within the mill.

1.2.2 Important Assumptions

The important assumptions used in formulating the size reduction
model are recapped below:
1. The throughput is constant. Therefore, size reduction is
accomplished under steady-state conditions.

2. The breakage behavior of each component is independent of
the presence of other components.

3. S) and Bjj are independent of size class and time. There-
fore, the cumulative breakage function can be normalized
for each size class of the feed, and the kinetic model is
linear with constant coefficients.

4, The values of the breakage function are represented by
the relation,
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where:
K1 and o are constants;

S, = the selection function value for the top
size class; and

X = mass fraction in a given size class.
5. Residence time (t) is related to mass throughput (Q)
according to an equation of the form,
= aQb

6. A1l size classes for a given component have identical
residence time distributions.

1.2.3 Governing Theory

The Tinear, size-discrete matrix model for size reduction is formu-
lated by dividing the feed into discrete narrow size classes. Establish-
ing a mass balance on the material in each size interval results in the
following relation [4] for open-circuit batch milling,

ol 12
a I s Wmte) ¢ 5 by S5 H my(t) )
dt j=1

where:

mi(t) = mass fraction in the ith size class;

H = total mass of material in the size reduction device at
time t;
3y = fractional rate at which material is broken out of the

ith size class; and

= fraction of material in the jth size class that appears

Wt
1, in the ith size class.

Invoking the assumption that Si and bij are independent of size class
and time, Eq. 1 may be rewritten in matrix notation for the complete en-
semble of size classes,

Hm(t
d [—d%(—”= - [1-B] S H m(t) (2)
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where:

I = identity matrix;
S = selection matrix; and
B = breakage function matrix.

In steady-state operation, the mass of material in the size reduc-
tion device is constant. Thus, for steady-state conditions Eq. 2 becomes,

[m(t)]
dt

d = - [I-B] S m(t) (3)

for which the analytical solution is,
my(t) = exp [-(I-B) S t] my(o) (4)

where:
mp(o) = initial mass of material in the mill.
The subscript b denotes that the solution is for batch comminution.

In the case where no two selection functions are equal, the term exp
[-(I-B) S t] can be simplified by a similarity transform [5]. Thus, Eq. 4
is transformed to give,

my(t) = T J(t) T-1 my(o) (5)
where:
0 123
= i=j
19 Ty bi k Sk .
z Soense kj ey
1 Jd
k=j
Jij(t) = exp (-Sit) i=j
0 1£J

Inasmuch as a continuous size reduction relation is sought for the
refuse comminution model to be developed here, the batch comminution re-
lation (Eq. 5) must be extended to continuous milling. The extension is
made using the concept of residence time distribution [3]. The residence
time distribution is defined as the mass of material of a given size that
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is contained within the size reduction device as a function of time. If
it is assumed that a single residence time distribution characterizes all
of the particle size classes, the steady-state size distribution from the
mill can be represented by an average of the batch responses weighted

with respect to the residence time distribution, i.e.,

M = [, my(t) R(E) dt (6)

where:

R(t) = residence time distribution; and
cp = product under continuous milling conditions.

Substituting the transformed relation for mb(t) (158, 5 Eq.5)
into Eq. 6 yields,

mep = T L[ J(t) R(t) dt] T-1 meg (7)
where:

M.g = mass fraction of the feed material in continuous mill
operation.

The integrand in Eq. 7 is commonly expressed in terms of the dimen-
sionless time variable, e = t/t, where t is the mean resident time and is
the quotient of the mass of material held within the mill and the through-
put. The mean residence time t is assumed to be related to the throughput
(Q) through an equation of the form [6],

T aQb (8)
where:

a‘??d b are constants that represent the characteristics of the

mill.

Expressing Eq. 7 in terms of e yields,

Mnp = T Je(1) l‘l M f (9)
where:

Jo 1) = LT R(e) exp (-S;te) do =
1]

0 14
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To model refuse size reduction devices, the continuous open circuit
relation given in Eq. 9 has been modified by the addition of an internal
classifier function [4]. The classifier represents the openings (or
clearance dimension) that restrict the flow of material through the mill
until the size of the particles is less than the size of the openings.

In the case of the shear shredder, the classifier function simulates the
spacing among the counter rotating cutters. The steady-state description
of the refuse size reduction device follows from Eq. 9 and a mass balance
on the size reduction equipment [6]. A representation of the size reduc-
tion circuit is shown in Figure 1.2. Since under steady-state conditions
the infeed and discharging rates are identical, the governing relation
for closed circuit size reduction is

T-17-1 m¢ (10)

The size discrete selection function describes the mass fraction
within a discrete size class that is selected for breakage. In the ref-
use size reduction model a value (Si) is chosen for the mass fraction
selected for breakage in the top size class. The values of the selection
function for the smaller size classes are computed from the cumulative
breakage function.

The estimation of the breakage function follows from two assump-
tions. First, the size reduction process is linear, i.e., the values of
the breakage function are independent of the size distribution of ma-
terial in the mill. Secondly, the size discrete breakage function can be
normalized, i.e., for material breaking into smaller size classes there
is a constant ratio of breakage values that is dependent upon the ratio
of the successive size intervals.

The size reduction model uses a breakage function relation pre-
sented by Epstein [7] for mineral comminution and used by Shiflett [3,6]
to model refuse size reduction in a horizontal swing hammermill,

2
Ky { X]. }a/?

B.. = £11)
1375 55 ¥50
where:
X = size class; and
K1 = an invariant constant.
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Inasmuch as the cumulative breakage function value for the top size
class is constrained by the mass balance to a value of unity, the value
K1 [X]./(Xj X\].,(l)]"/2 has been set equal to S1 in the size reduction
model for each of the top size classes. The imposition of the above con-
straint is a departure from the constraints imposed by Shiflett [3,6].
The constraint, however, is a necessary one in order to uphold the con-
servation of mass.

The computation of the cumulative breakage function values requires
that o be specified. For the present model « is chosen, in addition to
the S1 value, to give an empirical fit between a set of measured product
size distributions and the set of predicted values. In the case of MSW,
the goodness-of-fit is constrained by the form of Eq. 11.

Values of S1 and o are typically determined from field test data.
The definition of values for S1 and o for shear shredding must await the
development and analysis of the appropriate field test data.

The following is a listing of the key inputs to the size reduction

model :

Number of Components

Number of Size Classes

Number of Residence Time Intervals

MSW Composition

Size Class Designations

Classifier Function Values

Residence Time/Throughput Equation Constants by Component
Alpha (a) Values by Component

51 Values by Component

Residence Time Distribution by Component

Component Feed Size Cumulative Percent Passing Values
Throughput

A detailed flow chart of the size reduction model is shown in Figure 1.3.

1.3 ENERGY REQUIREMENTS

The energy model for shear shredding is characterized in terms of
components, similar to the development of the mass balance model. The
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approach follows that employed for the energy model presented previously
for hammermills in the Task 3 Report.

The governing relation for the energy requirements of shear shred-
ding is cast in terms of the specific energy (Eo, kWh/Mg) required to
achieve a given degree of size reduction (Z). The parameter Z is ex-
pressed in terms of the characteristic size of the feed (Fo) and of the
product (Po). The values of F0 and Po’ respectively, are numerically in-
terpolated from the input feed size data and the product size distribu-
tion calculated by the size reduction model. The general form of the en-

ergy equation is,

E -AZP
0

(129
where:

A and B are empirically determined coefficients and Z = (FO-PO)/FO.
(The characteristic size is that size corresponding to 63.2 percent

cumulative passing.)

Lacking the appropriate experimental data, the coefficients A and B
for the various waste components cannot be determined for shear shredding.

No comparison of the predicted and actual energy requirements for
shear shredding is possible due to a lack of appropriate experimental
data.
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2. DISC SCREENING MODEL

2.1 BACKGROUND

Disc screens consist of a series of rotary shafts onto which a num-
ber of parallel discs are attached. The discs from each alternating
shaft are intermeshed. As the shafts rotate, particles smaller than the
openings presented by the disc faces and shafts fall through the open-
ings. Larger particles are transported along the top of the screen to
the discharge end by the action of the rotating discs.

Disc screens are used in refuse processing for removing inorganic
materials from a fuel fraction and for particle size control. A simpli-
fied block diagram of a disc screening process is shown in Figure 2.1.
The material that passes through the screen is commonly referred to as
either the "undersize" or the "unders." The material that does not pass
through the screen is commonly referred to as the "oversize" or the
"overs." However, a distinction must be made between the true oversize
and the material that does not pass through the screen, inasmuch as some
undersize material is present in the material that exits the screen at
the downstream end. For the purposes of the development of the disc
screen model, the terms "unders" and "overs".are used to describe the
split streams leaving the screen.

In all of the resource recovery facilities where disc screens have
been installed, the wastes are shredded prior to the screening operation.
Various other unit processes, such as magnetic separation and air classi-
fication, also have been employed prior to the disc screen. Typically,
disc screens are employed to remove inert materials from shredded MSW and
to scalp oversize material for size reduction. The screens are predomi-
nantly used to improve the quality of RDF.

The key parameters affecting the performance of a disc screening
operation can be categorized as construction parameters, operating param-
eters, and feed characteristics. In general, the only operating parame-
ters over which control can be exerted are the feed rate to the screen
and the rotational speed of the shafts. However, modification of
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aperture size may be somewhat easier than that for trommel screens inas-
much as aperture size can be changed by replacement of shafts with shafts
having different disc shapes and spacings.

The parameter most commonly used for the characterization of screen-
ing performance is the screening efficiency. This parameter represents
the percentage of undersize material entering the screen that passes
through the apertures in the screen to the undersize conveyor belt. In
equation form, screening efficiency (n) can be formulated in several ways.
The following form is employed in the development of the disc screening

model :
mu
= - (1)
mu omo
where:
mu = flowrate of the undersize fraction;
mo = flowrate of the oversize fraction; and
UO = fraction of true undersize material in the oversize fraction.

2.2 DEVELOPMENT OF MASS BALANCE MODEL

2.2.1 Description of Model

To the knowledge of the authors, the published literature does not
contain any models or analytical relations for the disc screening proc-
ess. Moreover, very little field test information has been collected and
presented in the literature. Thus, the model presentation that follows
is the first published attempt towards simulating the disc screening of
MSW. The modeling efforts have been complicated and restricted by the
lack of thorough field test data.

The basic structure of the disc screening model is similar to that
of the trommel screening model presented previously. However, different
relations are developed for the two primary aspects of particle behavior
in the screening process, namely: (1) the particle dynamics, which de-
termine the number of collisions between particles and the screen sur-
face; and (2) the probability of passage when a particle strikes the sur-
face. A diagrammatic illustration of the model is shown in Figure 2.2.
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The model is structured such that a component size feed matrix is input
to the model and the model predicts the component size matrices of the
overs stream and of the unders stream.

Unlike the trommel screening process, the number of apertures which
a particle encounters in a disc screen is fairly well defined. The num-
ber of apertures over which a particle travels is essentially equal to
the number of shafts minus one. This statement assumes that the material
entering the screen falls onto the first shaft or the first opening be-
tween shafts. As a first approximation then, the number of apertures
which a particle encounters may be given by

Mo=N, -1 (2)

Nc = calculated number of contacts; and
Ng = number of shafts.

To account for the reduced number of contacts with the apertures in the
screen as the screen loading increases (e.g., material falling onto other
material that is already covering the screen apertures), Eq. 2 is modi-
fied as follows:

b
Ne = aNC (3)

where:

Ne = the effective number of contacts with the bare screen surface;

a = a modeling parameter that may be a function of feed rate or
holdup; and

b = a modeling parameter that accounts for multiple contacts per
aperture.
Both a and b are m x n matrices for an m component and n size class sys-
tem. It follows that Ne is also an m x n matrix. Thus, the model ac-
counts for a variation in number of contacts as a function of component
and of size class.

The probability of passage is modeled as

Lo find -~ Toifis =

o Das (Dad i dd)

D
p) (4)
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where:

P0 = probability of passage;

Dp = particle size;

Dad = spacing between intermeshed discs;
DaS = spacing between shafts; and

dd = disc thickness.

The current model also incorporates an additional modeling parame-
ter coefficient in the probability of passage relation such that

P = CPO (5)

where:

B
(e

the modified probability of passage; and

a modeling parameter.

In the model, both P and ¢ are m x n matrices. Therefore, each element
in the m x n feed matrix has its own probability of passage associated
with it.

The mass fraction of material in a given component size category
that reports to the oversize fraction is given by

N
mf,(i,3) = (1-P) © mf(i,5) (6)

where:

mfv(i,j) = the mass fraction of a given component size category
in the overs stream;

mff(i,j) = the mass fraction of a given component size category in

the feed;
i = the component index; and
3 = the size index.

The mass fraction of material in a given component size category
that reports to the undersize fraction is given by
Ne
mfu(i,j) = (1-(1-P) ~) mff(i,j) (7)
where:

mf,(i,3) = the mass fraction of a given component size category
in the unders stream.
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2.2.2 Important Assumptions

The major assumptions in the development of the disc screening
model are summarized in Table 2.1.

Table 2.1. Disc Screening Model Assumptions

1. Particles in the layer next to the screen surface encounter each in-
tershaft opening.

2. The material is well-mixed.

3. Oversize material is not forced through the screen by the rotating
discs.

4. No size reduction occurs in the screen. Therefore, the sum of the
mass of material in a given component size category in the overs and
unders streams is equal to the mass of material in that same compo-
nent size category in the feed.

5. Material entering the screen falls onto the first shaft.

6. The area available for particle passage between the edge of the disc
and the neighboring shaft is small relative to the area between in-
termeshed discs.

2.2.3 Example

Sample calculations for the disc screening model are presented in
Figure 2.3. The screen parameters are shown in Table 2.2. No field test
data are available for checking (or refining) the model. The overs/un-
ders splits for the sample calculations are 49.8/50.2. The calculated
screening efficiency is 70.1 percent.

Table 2.2. Screen Parameters Used in Sample Calculations

Feed Rate 3 Mg/hr
Screen Length 3m
Number of Shafts 10
Shaft Diameter 200 mm
Disc Diameter 300 mm
Shaft Spacing 15.9 mm
Disc Spacing 9.5 mm
Disc Thickness 6.4 mm
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Feed
Size Class (mm)

-5.1 -12.7 -25.4

Component -1.3 sl A +5.1 i +25.4
Paper/Plastic heAlC ] 8L 50 21599 10.30 15.90
Other Organics b.42 82 7.0 0.78 0.85
Glass 5.41 3.89 0.04 0.00 0.00
Other Inorganics 5.42 0.34 0.10 0.08 0252

Overs Stream
Size Class (mm)

-5.1 -12.7 -25.4

Component =123 sl *5.1 2.7 +25.4
Paper/Plastic 0.01 0.44 18.91 10.30 15280
Other Organics 0.01 (o 1.46 0.78 0.85
Glass 0.01 (Al 0303 0.00 0.00
Other Inorganics 0.01 0.01 0.09 0.08 0552

Unders Stream
Size Class (mm)

=Ll ~-12.7 -25.4

Component -1.3 12 + Dl 1207 +25.4
Paper/Plastic Sy40 13N 16 3.08 0.00 0.00
Other Organics 5141 7.98 0.24 0.00 0.00
Glass 5.40 3.76 0.01 0.00 0.00
Other Inorganics 5.41 33 0.01 0.00 0.00

Figure 2.3. Sample Disc Screening Model Calculations
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2.3 ENERGY REQUIREMENTS

The energy requirement for disc screening has been developed using
manufacturer's data and operating data for disc screens used in resource

recovery processing.

The installed power for two disc screens operating at one resource
recovery plant and for disc screens supplied by one manufacturer averages
about 0.4 kWh/Mg rated throughput capacity. Invoking the assumption that
the motors are used at an average of one-half of their rated output
yields an estimated specific energy consumption of 0.2 kWh/Mg.
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3. GLASS SEPARATION MODEL

3.1 BACKGROUND

The recovery of glass from municipal solid waste involves the uti-
lization of a number of pieces of processing equipment. Glass separation
systems can be divided into two basic technologies, each having associ-
ated with it a particular set of unit operations and a particular se-
quence of processing steps. The first technology, froth flotation, pro-
duces a high-purity mixed-color glass of fine particle size (0.1 to-0i8
mm). The technology employs density and size separation, size reduction,
and dewatering equipment as well as flotation cells. The second technol-
ogy yields a color-sorted product of lower purity in the 6 to 19 mm size
range. The second technology uses size and density separation equipment
prior to optical sorting of the glass concentrate. The froth flotation
technology has been selected for modeling inasmuch as it is a prevalent
technology and has been reported in the literature.

The glass recovery operation under consideration is depicted in
Figure 3.1. The system accepts a -12.5 mm air classified heavy fraction
which has undergone one stage of ferrous removal. Material is first
processed in a jig to separate the heavy glass-rich fraction from lighter
organics. The optimal size range of solid particles for processing in
froth flotation cells is 0.1 to 0.9 mm. Accepts from the jig are thus
size reduced by crushing in a rod mill after a dewatering stage. Crushed
material which passes the openings of a 0.9 mm screen is deslimed (i.e.,
removal of -0.1 mm material) in a hydrocyclone prior to its introduction
to the froth flotation circuit. The hydrophobic nature of a glass parti-
cle surface causes such particles to concentrate in the float fraction
while the other inerts present in the flotation cells (i.e., tailings
which include ceramics, stones, and non-ferrous metals) tend to sink.

The glass concentrate is then finally dewatered.

The feed material to the glass recovery operation typically has a
glass content of 40 to 60 percent, approximately 25 percent miscellaneous
organics with the balance being other inerts. The nominal size of the
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feed ranges from 9 to 11 mm. The glass product has a purity greater than
99 percent and a nominal size between 0.7 and 0.8 mm.

The model of the froth flotation technology has been developed to a
large extent through the use of published operating data. Findings from
research conducted by the U.S. Bureau of Mines on glass separation from
municipal solid waste and incinerator residue by froth flotation were
particularly useful in developing the generic model.

The material properties which have been chosen as the principal
parameters affecting performance in the model are material mass flowrate,
moisture content, and the size and composition of the solids.

3.2 DEVELOPMENT OF MASS BALANCE MODEL

The generic model for glass recovery includes the following six
specific unit processes: (1) jigging for density separation; (2) dewa-
tering by screening; (3) crushing; (4) mixing (i.e., slurrying); (5) size
separation using a hydrocyclone; and (6) froth flotation for separating
glass from other inerts.

Listed in Tables 3.1 through 3.4 are the inputs, transfer functions,
and outputs for each unit process.

The jig (cf, Table 3.1) is a split stream process wherein the solids
in the feed are considered to have three components, glass, other inerts,
and organics (i.e., Xl’ X2, and X3). The efficiency of the jig in concen-
trating any particular component in the heavy or light stream (Ex or I'Ex)
has not been reported in the literature. Therefore, for the purposes of
the glass recovery model, the efficiency has been estimated. The rela-
tionship between the input mass flowrate of a given component, x, (mx,i)
and the input mass flowrate of the aggregate solids (mi) is shown in Ta-
ble 3.1. Knowing @*’i and £ the mass flowrates of the components in
the output heavy and T1ight streams can be determined ((mx,o)h’ and (mx’0
respectively). Flowrates of individual components are shown as matrices
in which individual size categories are represented.

s

The size distribution and composition data presented in the discus-
sion of the model are taken from in-house CRS data collected on air clas-
sified heavy fraction.
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Table 3.1. Jig

Input(s) Transfer Equation Output
a) ;3 Efx,i a) mx,i =My x mfx,i @x,1
b) mx,i; Ex b) (mx,o)h = g s O (mx,o)h
c) mx,1’ = c) (mx,o)l = mx,i % (I'Ex) (H&,o)1

n
. (m, )
x=1 X.0'h
d) mw,i d) (mw,o)h = m W, i (mw,o)h
n
Z, (h, )
x=1_ "x50°1
e) mw,1 e) (mw,o)1 = mi W, i (mw,oL
Legend:
P = Input solids mass flowrate.
mx ; = Input mass flowrate of component x by size class.
£y = Jig effectiveness in concentrating component x in the heavy
stream by size class.
(@X o)h = Mass flowrate of component x in the heavy output stream by
> size class.
(mx 0)] = Mass flowrate of component x in the light output stream by
2 size class.
mw ; = Input water mass flowrate.
(mw 0)h = Mass flowrate of water in the heavy output stream.
(mw 0)] = Mass flowrate of water in the Tight output stream.
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Table 3.2. Dewatering Screen

Input(s) Transfer Equation Output
a) mx"k mx,ov S mx’i- : mx’_(l-g) m)(,OV
L
£
b) LV My ,un = mx,_(g) B un
(=
K n
c) My, ov K mw,ov =[TTF]{XEI mx,ov] mw,ov
d) mw,ov; nh,i mw,un & mw,i : mw,ov mw,un

Legend:
ul

_X’+

Input mass flowrate by size class of component with a particle

size larger than

the screen aperture.

Input mass flowrate by size class of component x with a particle
size smaller than the screen aperture.

Screening effectiveness.

= Mass flowrate by

the oversize.

Mass flowrate by
screen.

Mass flowrate of
Mass flowrate of

Mass flowrate of

Fraction of mass

size class of component x which reports to the

size class of component x which passes the

water which enters the screen.
water which reports with the oversize material.

water which passes the screen.

not passing screen which is water.
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Table 3.3. Hydrocyclone

Input(s) Transfer Equation Output
AR s T Bun = My e (1) M, un
») B> M, 7 LETRE L (173 L My ov
c) mw,i; 2 mw,un = (p) (mw,i) mw,un
d) mw,i; P mw,ov = (1-p) mw,i mw,ov
Legend:
UL g Input mass flowrate of component x by size class larger than
> 0.1 mm.
mx i Input mass flowrate of component x by size class in the
i underflow.
It = Fraction of component x which is larger than 0.1 mm in the
underflow.
mx = Mass flowrate of component x by size class which is smaller than
o 0.1 mm.
ﬂx oy Mass flowrate of component x by size class in the overflow.
mw T Mass flowrate of water into the hydrocyclone.
mw s Mass flowrate of water in the underflow.
p = Fraction of water in the input going to the underflow.
i Mass flowrate of water in the overflow.
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Table 3.4. Froth Flotation Circuit

Input(s) Transfer Equation Output
a) mx’*, My a= (q)mx,_ + (S)Ex,+ mx,a
_x’- ;
q; S
b) mx,*’ mx,,, = (l“q)mx,- i (l-s)mx’,, —X, T
h 5
_x,-
q; s
N WFHE h, g = (t) () M. a
d) mw’i, t "'w,r = (1-t) (mw’i) mw,r
Legend:
h., = Input mass flowrate of component x by size class entering the
s circuit which is larger than 0.15 mm.
1l = Mass flowrate of component x by size class entering the circuit
X5 Which is smaller than 0.15 mm.
q = Fraction of -0.15 mm material which is accepted by the froth
flotation cirucit.
S = Fraction of +0.15 mm material which is accepted by the froth
flotation circuit.
hea= Mass flowrate of component x which is accepted by the froth
& flotation circuit.
JUN Mass flowrate of component x which is rejected by the flotation
: circuit.
mw i = Mass flowrate of water into the circuit.
i = Fraction of input water which goes to the accept stream.
mw m Mass flowrate of water in the accepts.
mw - = Mass flowrate of water in the rejects.

192



The incoming mass flowrate of water (m ) is assumed to be split
proportionally between the heavy and light streams according to the quan-
tity of solids reported to each.

Table 3.2 contains the relevant inputs, transfer functions, and out-
puts for a dewatering screen. The mass flowrate of a given component which
reports to the oversize (@x,ov) is dependent upon the mass flowrate of
that component which is both larger and smaller than the screen aperture
(@*’+ and Tx,-’ respectively), and the screening effectiveness. The
amount of water which reports to the oversize stream is related to the
quantity of oversize solids by the moisture fraction of the oversize mass
flow. For the present model, the moisture fraction is assumed to be
constant.

Inert material, which has been separated from organics by the jig
and dewatered, is size reduced in a rod mill. The size distribution of
the inert material is calculated using the size reduction model developed
in Task 3 [1]. The parameters of the model would be chosen to reflect
the use of rods as the size reduction elements and the absence of a dis-
charge opening to control the size of the discharged particles.

The transfer functions for the mixer are similar to those for the
jig. The basic differences are that there is only one output stream and
that an equipment effectiveness value (i.e.,‘the jig's Ex) is not re-
quired for the mixer.

Following the mixer, the +0.9 mm and -0.1 mm solids are removed

from the input stream to the froth flotation circuit through the use of a
vibrating screen and a hydrocyclone, respectively. Since the screen is
the same type as that used for the dewatering operation, the equations
shown in Table 3.2 apply. The inputs, outputs, and transfer functions
for the hydrocyclone are summarized in Table 3.3. Discussion with manu-
facturers regarding the operation of hydrocyclones disclosed that all of
the -0.1 mm (m ) material is removed. However, a small fraction of

the +0.1 mm partwcles (m 4) also reports to the overflow stream. The
relations for the underf]ow (m ) and overflow (m ,ov ) streams are pre-
sented in Table 3.3. The f]ow of water to the underf1ow (m oy n) is con-

sidered to be a constant fraction (p) of that in the input (mw 1.n).
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Glass is separated from the other inert materials in the underflow
stream using a froth flotation circuit. The relations in Table 3.4 de-
scribe how the mass flowrate of the accepts, m (1 e., that which is
floated) relates to the solids present in the feed which have a particle
size less than 0.15 mm (m ), and those which are larger than 0.15 mm
(mx’+). Data contained in Ref 2 reveal that the recovery of glass in
froth flotation cells in the case of particle sizes less than 0.15 mm (q)
is typically 50 percent, while that for sizes greater than 0.15 mm (s) is
approximately 95 percent. The quantities of water discharged in the ac-
cepted and rejected streams are assumed to be constant fractions of the

water fed to the flotation circuit.

3.2.1 Example

The following example serves to illustrate the use of the jig mod-
el. The example follows the flow of glass through the jigging operation.
The calculations for the other components would be conducted in a similar
manner as would the calculations for the subsequent unit operations.

The variables and matrix notation used in the example are described

in Table 3.5.

The given information for the jigging example is as follows:

1. Total input solids flow: he = 7.0 Mg/hr
2. Component (x) = glass (gl)

3. mfg1,i = 0.5

4 = 5 size classes

Weight
Percent Size (mm)
b Xg],i = [0.30 F0853
-9.53
027 +6.35
-6.35
Bee +2.82
-2.82
F +1.42
0.14 -1.42
6. fg],j = efficiency
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Table 3.5. Variables and Matrix Notation
for the Jigging Example

Matrice

== I?h | >
|

S

Matrix of mass fraction values by size class.

Matrix of separation efficiency values.

Matrix of size class mass fractions.

Matrix of flow rates by size class.

Subscri

o
n

pts

input
output
component
size class

Elements

= Solid input flowrate.

= Mass fraction
= Mass fraction
= Mass fraction
= Mass fraction

= Efficiency of
in the output

= Mass flowrate

= Mass flowrate

of component x.in the input.

of input material in size class j.
of component x in the output.

of output material in size class j.

device in concentrating component x
stream.

of component x in the input.

of component x in the output stream.
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= [0.95 0.95 0.95 0.95 0.95]

size class (mm) +9.53 -9.53 -6.35 -2.82 -1.42
+6.,35 *2.82 +1.42

The calculations are as follows:

il

Input mass flowrate of glass (mgl,i)
B)o12= Pl e A X Koy
0.3
0.27
@gl,i =* Db e (S HO M s Mgy
0.06
0.14
1505
D95
= 10.80| Mg/hr
0.21
0.49

Aggregate mass flowrate of glass in the input stream.

:
My ,i = jil (hg1,4
1.05 + 0.95 + 0.80 + 0.21 + 0.49 Mg/hr
3.50 Mg/hr

)

Mass flowrate of glass reporting to the heavies stream.

(mgl,o)
mg],o = mg],1 S
1505
0.95
mg]’o = |0.80| x [0.95 0.95 0.95 0.95 0.95] Mg/hr
0.21
10.49
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1.00]
0.90 |
= |0.76
0.20
0.47}

Mg/hr

4. Aggregate mass flowrate of glass in the heavies stream.

5

T |
j=1
1.00 + 0.90 + 0.76 + 0.20 + 0.47 Mg/hr
3.33 Mg/hr

th )

gl,o ~ 91,0

"

5. Size distribution of glass in the heavies stream (591,0)

><
|
=

(

1 mg],o)

J

n 1o

g

1

0.90

= 0.76 = H0s3
0.20

0.47

.30
i
A
.06
.14

"
= = = IR = R = |

3.3 ENERGY REQUIREMENTS

The energy relations for each unit process included in the glass
recovery system are listed in Table 3.6. A standard power equation for
pumps has been used for the jig and the hydrocyclone for the purpose of
establishing the specific energy for the two operations. In the case of
the dewatering screen, mixer, and froth flotation circuit, energy usage
data supplied by manufacturers was used to formulate the power relations.

The required inputs for jig and hydrocyclone energy models are
solid and water mass flowrates, total dynamic pump head (Hp), and pump
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Table 3.6. Glass Recovery System Energy Relations

Unit Process Input(s) Power Relation Specific Energy
Ji m = 21 Mg/hr WH P
g W g E EO = ﬁ_a
n
§mx = 7 Mg/hr P 8
0.5 Ki = 0.02 kWh/Mg
mw = mass flowrate -
ot water water flowrate by MT = 28 Mg/br
§mx = total solids weight (assumed to
mass flowrate be 0.06 kN/sec)
total head requirement
(assumed to be 6 m)
pump efficiency (as-
sumed to be 0.7)
Dewatering fie = 14 Mg/hr = 0.2 kP o
Screen o o
T
= 0.01 kWh/Mg
Mixer Mo = 15 Mg/hr - 1.7 kWP .
°
T
= 0.11 kWh/Mg
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Table 3.6 (Cont'd)

Unit Process Input(s) Power Relation Specific Energy
Wy H p
Hydrocyclone m, =9 Mg/hr P+ = P E,. = —
n 0 Y
p MT
g, = 3 Mg/hr = 0.3 kW - 0.025 kWh/Mg
Wy = total (water * solids) My = 12 Mg/hr

weight flowrate (assumed
to be 0.03 kN/sec)

H =6m
p
o
"
Froth Flotation M = 10 Mg/hr P-4 kP E, = —
Circuit My
- 0.4 kih/Mg

aMT - Total mass flowrate, i.e., solids plus water.

bValue obtained from manufacturer's data.



efficiency (np). Solid and water mass flowrates only are required for
the mixer, dewatering screen, and froth flotation circuit.

Specific energy consumptions range from 0.02 kWh/Mg (jig) to 0.4
kWh/Mg (froth flotation circuit).

3.4 REFERENCES

1 Cal Recovery Systems, Task 3 Report, Size Reduction Model, ANL
Contract No. 31-109-38-7167

2. Heginbotham, J.H., "Recovery of Glass from Urban Refuse by froth
Flotation," U.S. Bureau of Mines, College Park, Md., 1978.
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4. NON-FERROUS SEPARATION MODEL

4.1 BACKGROUND

Aluminum is the major non-magnetic metal typically found in munici-
pal solid waste. Aluminum accounts for about 90 percent (by weight) of
the total non-magnetic metals in the waste stream. However, relative to
the entire waste stream, non-magnetic metals constitute only about 1 to 2
percent (by weight).

The existing systems designed to recover aluminum from mixed muni-
cipal solid waste require that the material undergo a series of prelimi-
nary steps before the waste is introduced to the aluminum recovery unit.
The various pre-processing steps are designed to achieve a certain degree
of concentration of the non-ferrous (aluminum) fraction of the waste
stream. Generally, one of the first preparatory steps is size reduction.
Usually size reduction is followed by air classification, magnetic sep-
aration, and, in some cases, screening.

The majority of the full-scale aluminum separation systems in-
stalled as part of a material recovery process have not operated success-
fully in the past. Furthermore, detailed evaluations of their operation
have not been carried out. The few analyses available in the Titerature
usually are general in nature and contain little, if any, technical
information.

0f the technologies that have been used for non-ferrous separation,
the eddy current technology appears to be the most utilized and the most
feasible. Consequently, the model presented here is based on the eddy
current technology.

The eddy current separation units perform material segregation
through the use of a time-varying magnetic field, which induces small
electrical currents and, therefore, repulsive forces on the non-ferrous
materials. The magnitude of the repulsive force is a function of the
magnitude of the magnetic field and of the properties of the non-ferrous
particles (e.g., geometry, size, conductivity).
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Most of the devices designed to recover aluminum from the waste
stream generate the source magnetic field in either of two ways. In the
first method, the aluminum particle moves through a magnetic field gene-
rated by an array of permanent magnets. In the second approach, the mag-
netic field is varied by means of an a-c electromagnetic system. Linear
motors also have been used to recover aluminum from municipal solid waste.

Unfortunately, the aluminum separation devices are not sufficiently
sensitive to differentiate between aluminum and other non-ferrous metals.
Furthermore, as the non-ferrous metals are deflected from the separation
unit, they generally become entwined with contaminants such as organic
matter and textiles that may be in their path. These contaminants must
eventually be removed since their concentration generally is higher than
that allowed by the aluminum scrap buyers.

4.2 DEVELOPMENT OF MASS BALANCE MODEL

The model for the aluminum recovery unit has been developed based
on information available in the literature. The model consists of three
specific subsystems designed to gradually concentrate the aluminum frac-
tion. The subsystems are shown in Figure 4.1. The figure shows that the
overall system consists of three components: a trommel screen, an alumi-
num magnet, and an air knife. The trommel screen is designed such that
the feed is separated into three size classes. The fraction containing
the highest concentration of aluminum becomes the feed into the aluminum
magnet. The "accepts" or aluminum concentrate from the aluminum magnet
is further treated in an air knife in order to remove organic and other
non-ferrous contaminants.

In the model, the inputs (feedstock) are described by matrices.
Each input into a particular subsystem is operated on by a transfer func-
tion, also in the form of a matrix, which describes the separation effi-
ciency of the particular device. The output from each unit also is de-
scribed in the form of a matrix. Therefore, the ability of a particular
device to segregate a certain material from the waste stream can be ex-
pressed as follows:

mf, x e =
mr; € mf

A 1ist of variables used in describing each system is given in Table 4.1.
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Figure 4.1. Schematic Diagram of Aluminum Recovery
System Using an Eddy Current Separator
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Table 4.1. List of Variables

M - mass flowrate (total)
Matrix Elements

mf = matrix of mass fractions
m = matrix of mass flowrates
yE B = matrix of separation efficiencies
Subscripts

X = component

pp = paper, plastic

Al = aluminum

Fe = ferrous metals

0t = other

i = input

0 = output

Since the first separation device in the overall system is a trom-
mel screen, which segregates the feed stream into three size classes, a
description of the size distribution by component would be superfluous.

It is important to note that the fraction of the waste stream being
processed is described in terms of four components or fractions: (1) pa-
per and plastic; (2) aluminum; (3) ferrous metals; and (4) other. Each
one of these materials is accounted for as it passes through the various
subsystems.

The variables used in the models of the subsystems are described in
Tables 4.2 to 4.4. Representative values for the component separation
efficiencies are also indicated in the tables for each subsystem.

Table 4.2. Description of Variables for Aluminum Magnet

Input Transfer Function Output (Accepts)
mfx,i %0 mfx,o
mfpp,i 0.089 mfpp,o
mfA],i 0.636 mfA],o
mfFe,i 1.9 mfFe’0
met,i 0.083 met,o
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Table 4.3. Description of Variables for Trommel Screen

Transfer Functions

Size 1 Size 2 Size 3 Qutput
Input (-5/8") (+5/8"-2") (+2") Size 1 Size 2 ize
mf . Qe St B mf mf mf
X,1 X5J XsJ X,J X0 X,0 X,0
mf : 0.547 0.247 0.206 mf mf mf
PP, pp,ol pp,02 pp,03
mfA],i 0.10 0.553 0.347 mfAT,ol mfA],oZ [me,Ol
o |
mfFe,i 0.50 0.083 0.417 mfFe,ol mfFe,oZ (‘mfFe,o3
|
Moy, 0.677 0.124 0.199 "ot 01 met,oZJ Mot,03




Table 4.4. Description of Variables for Air Knife

902

Transfer Functions Output

Input Other Non-Fe Al Organics Other Non-Fe Al Organics
mfy, 1 i) Sl B, mfx,o mfx,o mfx,o
(mfpp,i 0.18 0.019 0.80 L mfop, 02 mfop,03
[

[mfA1,i 0.70 0.29 0.0 mFA]’01 m‘Fm’02 mfA],o3
|

=mfFe’1 0.70 0.3 0.0 Mee. o1 Mee 02 LLP
1mf0t’i 0.37 0.02 0.61 0t 01 "ot 02 "ot 03




The matrix used to describe the mass fraction input information
(mf) to a particular device takes the following form:

" op, i

The input matrix is multiplied by the matrix containing the values
for separation efficiencies for each material. A separation efficiency
matrix (n) is written as follows:

“pp.J
=ALs3
Fe,j
0t,j
The multiplication of matrices (1) and (2) yields a matrix which

describes the output of each device. This matrix takes the following
form:

" op,0

ES
n

(3)

The following example demonstrates the concentration of aluminum by
an eddy current separator. The basic mathematical expression is:

mf. x e = mf

Typical mass fractions for paper and plastic, aluminum, ferrous, and
other materials are given as:

- 0.057

oo 0.036

0.005| * (0.089 0.636 1.0 0.083) = |4 oos

0.301 [ B
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Using a total mass flowrate (M) of 4 Mg/hr, and the following expression:

f M (4)

Ma1,0 = ™a1,0 X

The amount of aluminum reporting to the accepts of the separator can be

calculated,

LR 0.036 x 4.0 = 0.144 Mg/hr (5)

Al,
This example also serves to demonstrate the fact that the concentrate
from the separator still contains a certain amount of impurities. For
instance the quantity of paper and plastics in the accepts is:

mpp’o = 0.057 x 4.0 = 0.228 Mg/hr (6)

4.3 ENERGY REQUIREMENTS

The power requirement for the non-ferrous separation system is
equal to the sum of the power requirements for the three major pieces of
equipment in the system, namely, screen, eddy current separator, and air
knife. The specific energy is given by

e E—mii: A7)

3
z
a0l

i

=
"

1 for the screening;

—
n

2 for the eddy current separator; and
i = 3 for the air knife.

The values of Epj and mf; are typically as follows:

Eo1 = 0.4 kWh/Mg mfy = 1.0
EOZ =2 th/Mg mf2 = 0.2
Ep3 = 5 kWh/Mg mf3 = 0.03

The specific energy requirement of the non-ferrous separation is there-
fore about 1 kWh/Mg of feedstock to the system.
4.4 REFERENCES

15 Ralston, 0.C., Electrostatic Separation of Mixed Granular Solids,
Elsevier, Amsterdam, 1961.
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5. ECONOMIC MODEL

5.1 INTRODUCTION

An economic model for the unit operations in a resource recovery
system is presented in this section. The section is organized according
to cost component (i.e., capital, operation, maintenance, residue dis-
posal, and revenue from the sale of materials) with the unit operations
(shear shredding, disc screening, glass separation, and non-ferrous ma-
terial separation) discussed as sub-categories under each cost component.
The reason for this method of organization is that the portion of each
cost component that is attributable to each unit operation often is not
determinable when the unit operation is considered in isolation from the
rest of the system.

The capital and maintenance cost equations primarily are based on
price estimates and quotes from equipment suppliers, from published data
on existing resource recovery operations, and from information obtained
during interviews with managers of existing operations. In a few cases,
estimates of the labor required to maintain equipment are based on CRS's
experience. A wage rate of $30/hr is assumed in these instances. Main-
tenance costs include both Tabor and supplies. ‘

The base cost of the equipment (i.e., uninstalled) is adjusted by
the amounts indicated in Table 5.1 to arrive at an installed cost.

The operating labor requirements are estimated on the basis of en-
gineering judgment. The energy requirements are an input to the economic

model. They are determined from the mass and energy balances described
previously in this report.

The revenue from the sale of recovered materials and the cost of
disposing residue are derived from the mass of recovered material and of

residue, both of which are calculated in the mass balance model and are,
thus, inputs to the economic mode].

Design ‘TPUtS and site-specific cost inputs that must be supplied by
the user of this model are noted in the text as the need for them arises.

209

R




Table 5.1. Adjustments to Base Costs of Equipment

Cost Item Equipment Adjustmentd (%)
Engineering services All 10
Contractor overhead and profit A1l 10
Instrumentation, controls, and Al 20
other accessory equipment
Sales tax Al 5
Transportation All 5
Foundations All 5
Installation Shear shredder 10

Disc screen 10
Glass separation 20
Non-ferrous separation 10

a Adjustments are given as percentages of the uninstalled equipment cost.

The accuracy of the model is estimated to be as follows:

1. Capital costs - *20 percent

2. Operating costs
a. Labor - £30 percent
b. Energy - +30 percent, -10 percent
Maintenance costs - *30 percent

4. Disposal costs - accuracy is limited by the accuracy of
the mass balance model

5. Revenue - accuracy is limited by the accuracy of the
mass balance model

The requirement for operating labor depends on the design and degree of
automation of the system. The associated error is estimated to be within
the range of %30 percent. The maintenance cost data provided by equip-
ment suppliers varied widely; and in some cases, there is little or no
operating experience upon which to base a cost estimate. Consequently,
the maintenance costs estimated by the model are considered accurate
within the range of £30 percent.
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An important limitation on the accuracy of the model derives from
the assumption that equipment is operated at its rated capacity. The un-
derutilization of equipment can result in a significantly higher unit
cost of capital than what the model predicts. Other costs may also be
affected to a smaller degree.

The model is valid for the following mass throughput rates:

Shear shredding - >15 Mg/hr
Disc screening - >15 Mg/hr
Glass separation - 5-10 Mg/hr

SwWw N -

Non-ferrous separation - 20-80 Mg/hr

In cases where an upper limit to the throughput rate is given, the costs
for higher rates may be estimated by assuming that the unit cost for the
higher rate is equal to the unit cost for the maximum rate specified
above. The limits on the throughput rates mainly arise from the trends
evident in the capital cost for various sizes of equipment. Upper limits
on the throughput rates occur for unit operations for which there are
significant economies of scale within the given range of throughputs.

Costs that are not included in the model include:

Building and site improvement
Utility connections to the plant site
Supervisory, clerical, janitorial, and other indirect labor

B w N =

Transportation of salable materials and residue except to

the extent that the user of the model includes these costs
in the unit price of recovered material and the unit cost

of residue disposal

5. Loading raw MSW into the initial unit operation
6. Storage of MSW, residue, and recovered materials

5.2 CAPITAL COSTS

The models described herein represent the capital costs (in 1984
dollars) of refuse processing unit operations. The models for each unit
operation (i.e., shear shredding, etc.) are developed and reported in

separate subsections. A summary of the relations for the capital costs
of the various unit operations is given in Table 5.2.
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Table 5.2. Capital Costs of Unit Operations

Range of
Throughputs
Unit Operation Type of Equipment Cost (8) (Mg/hr)

Primary Size Reduction Shear Shredder 12,100 > 15
Secondary Size Reduction Shear Shredder 12,100 » 15
Screening Disc Screen 3600 > 15
Glass Separation Jig, Froth Flotation, etc. 130,000 + 24,000 th 5 to 10
Non-Ferrous Material Recovery Screen, Eddy Current 26,200 h - 59.5 m2 20 to 80

Separator, and Air Knife




5.2.1 Shear Shredding

Shear shredder prices were quoted by three manufacturers. While
prices given by individual firms indicated significant differences be-
tween the cost of primary shredding and secondary shredding, when the
prices given by all the manufacturers were considered, the typical price
of a primary shredder was not significantly different from that of a sec-
ondary shredder. The typical installed price (i.e., the base price plus
the adjustments given in Table 5.1) in both cases is

CSs = 12,100 e (1)
where:
ss = installed cost of shear shredder (3); and
mss = rated mass throughput rate of the shear shredder (Mg/hr).

5.2.2 Disc Screening

Most manufacturers of disc screens are unable to recommend a par-
ticular size or model for a given feedrate of MSW or processed MSW. How-
ever, costs were obtained from two resource recovery plants that utilize
disc screens. They were the Ames, Iowa, plant and the Baltimore County
plant. When adjusted for inflation and installation the cost of screens
in both plants was about

CdS = 3600 mds (2)

where:

installed cost of disc screen ($); and

e
ds
Mys = rated mass throughput of the disc screen (Mg/hr).

5.2.3 Glass Separation

The cost of the major pieces of equipment shown in Figure 3.1 plus
the cost of material transport equipment (i.e., conveyors, pumps, pipe,
etc.) is about 23142,000 for 3 5 Mg/hr system and $210,000 for a 10 Mg/hr
system. The throughput rates are based on the mass of the -12 mm air
classified heavy fraction that is the feedstock to the jig. The price of
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each major piece of equipment was obtained from manufacturers or their
representatives. The price of material handling equipment was obtained
from industrial supply catalogs. Although conveying is a separate unit
process discussed separately in this report, the cost of conveying mate-
rial within the glass separation system is included in the cost of the

system.

An adjustment of 75 percent is used in calculating the installed
cost of the glass recovery system. It is higher than the adjustment fac-
tor used in the rest of this report because installation is assumed to
cost 20 percent rather than 10 percent of the base cost. The higher
value is a consequence of the necessity to install several pieces of
equipment including pumps, pipes, and conveyors.

The installed cost is given by

()
"

130,000 + 24,000 mg (3)

installed cost of glass separation system ($); and

mg = rate at which undersize air classified heavy fraction enters
the system (Mg/hr).

5.2.4 Non-Ferrous Separation

One manufacturer quoted prices of three sizes of eddy current sep-
arators that, when adjusted by 65 percent, correspond to the equation

- 2
C, = 86,000 M, - 1100 LN (4)

where:

Ce cost of eddy current separator (8); and
= rated capacity of the eddy current separator (Mg/hr).

Since the feedstock to the eddy current separator is about 20 percent of
the feedstock to the aluminum separation system, Eq. 4 can be rewritten as

2
Co = 17,200 . - 44 m’ (5)

=
]

feedrate to aluminum separation system.
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The cost of the screen in the aluminum separation system is pre-
dicted by

2
C = 8600 M, - 13 M (6)

This equation is developed in the Task 3 Report.

The cost of the air knife is taken to be the same as that of an air
classifier which is given in the Task 3 Report as

2
Cac = 16,000 mac - 100 mac (7)

Since only one thirtieth of the feedstock to the aluminum recovery system
reaches the air knife, the cost is

~n

500 L 3 LU (8)

=
n

cost of air knife (8).

=~
1}

The entire cost of the aluminum separation system (Ca) is the sum
of the values given in Egs. 5, 6, and 8.

2
Ca = 26,300 ho - 60 h (9)

5.3 OPERATING COSTS

The operating costs are composed of labor costs and energy costs.
The unit processes discussed in this report use electrical energy only.
Usually, no operating supplies are required. Materials and supplies
required for maintenance are included in the maintenance cost model.

In the cost model the labor requirements are determined for the
entire processing system rather than for each individual unit operation,
except in the case of glass separation. The reason is that the labor re-
quired for a unit operation depends to a large extent on the configura-
tion of the entire system. Furthermore, the allocation of labor among
pieces of equipment is difficult to model.

The model for Tabor is valid for MSW processing systems with
throughput rates exceeding 19 Mg/hr. (Individual unit operations may
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have throughput rates of less than 10 Mg/hr.) It is designed to account
for multiple processing lines. Furthermore, it is designed to be compat-
ible with the labor cost model presented in the Task 4 Report. That is,
the labor requirements of a system comprising unit operations from the
Task 4 Report and unit operations from this report can be determined us-
ing this model.

The model for energy costs requires inputs from the energy require-

ment models.

5.3.1 Labor

The unit cost of labor is given by the equation,

(L, = (10)

2o

where:

UCL = unit cost of labor (3/Mg);
| = cost of labor to operate the plant (8/hr); and
mass flowrate of raw MSW.

o
—
n 1]

The hourly cost of labor (C ) is equal to the product of the wage
rate and the number of machine operators and spotters, i.e.,

P P
C,=W T N, +W_ T N (11)
L= m 1 mk S kol sk
where:
“m = fully burdened wage rate for equipment operators;
ws = fully burdened wage rate for spotters;
Nm = number of equipment operators in plant;
NS = number of spotters in plant;

k = group of unit operations; and

p = number of unit operation groups in plant.

Equipment operators are those who control machinery from a control room
and monitor operations via closed circuit television. Spotters monitor,
and sometimes control, processes in situ and have verbal contact with the
equipment operator(s) via radio or telephone.
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The unit operation groups (UOG's) comprise one or more unit opera-
tions, and each operation includes one or more processing lines. The
number of Jines in each unit operation is selected by the designer. The

UOG's are as follows:
UOG 1 (k=1) comprises unit operations other than conveying
that receive raw MSW.

UOG 2 (k=2) comprises any one of the following unit opera-
tions that immediately follows UOG 1: size reduction,
screening, and non-ferrous separation. If unit opera-
tions discussed in the Task 4 Report are included in
the system, air classification could also be included
in UOG 2.

U0G 3 (k=3) includes any two of the unit operations specified
under UOG 2 that are not included in UOG 1 or UOG 2.
It should be noted that a unit operation may occur at
more than one place in the processing system and is
considered a separate unit operation each time it
occurs.

uoG 4,5,6,etc. (k=4,5,6,etc.) include three of the unit oper-
ations specified under UOG 2 that are not included in a
previous UOG.

UOG p (k=p) includes only glass separation. If unit oper-

ations discussed in the Task 4 Report are included,
densification would also be included in UOG p.

Figure 5.1 illustrates the grouping of unit operations into unit
operation groups in a hypothetical processing plant. In some instances,
the assignment of a unit operation to a particular UOG is arbitrary. For
example, shear shredder 2 could have been assigned to UOG 3 rather than
to UOG 4; and secondary screening of non-ferrous separation could have
been included in UOG 4 rather than in UOG 3.

In the operating cost model, the wage rates (wm and ws in Eq.
11) are inputs to the model as are the number of UOG's (p).

For the three unit operations, size reduction, screening, and non-
ferrous separation, the operating labor requirement is calculated by
first computing a 'use factor' as follows

koomg
A = Z 12
k™ a1 W ¥I0 N
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Figure 5.1. Illustration of Nomenclature Used in Determining Labor Requirements



where:

% = use factor for UOG k;

mki = mass throughput rate (Mg/hr) for processing line i of UOG k;
and

N = number of processing lines in UOG k.

For the system shown in Figure 5.1, the use factor for unit opera-
tion group 3 is calculated as follows (note that Ny equals two because
there are two processing lines, one for secondary screening and one for
non-ferrous separation):

2 s -
o 3 31 (13)
j=1 M3;*10
a0, ©0o7p
= 1.42
By similar calculations, the values of Al’ A2, and A4 are
determined,

A1 = 0.86
A = 0.75
Ay = 0.66

Except when A; + A, <1, the number of machine operators and spot-

ters is determined by

A
g (14)
NTk = INT [?_ + J
where:
N = number of machine operators plus number of spotters

Tk

required for UOG k.

indi i tity in

INT indicates that only the integer part of.the quantity
brackets is taken. That is, the value in brackets is
rounded downward to a whole number.

equals zero and NTl js calculated from Eq.

i A2 <1, then N

1 Tid

14, Letting

Nmk = number of machine operators required for UoG k, and
Ngk = number of spotters required for UOG k
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and noting that

NTk = Nmk * Nsk

the number of machine operators and spotters is given by

Npp = M When k=1 (15a)
' (15b)
Nmk = INT —2—] when k=2 or p>k>3
"k - (15¢)
NSk = INT [—?—} when k=3

Using Eqs. 14 and 15 to determine the labor requirements for the system
shown in Figure 5.1 (excluding glass separation) yields,

Npy = INT {9§§§ . 1] - INT (1.43) = 1
Npp = 1

Npg = 1

Npg = 1

Ny =15 N = 0

Npz = 03 Ngp = 1

Nz =1il3=0

Hpg = 03 Ney = 1

Thus, two equipment operators and two spotters are required.

The labor requirement for glass separation (k=p) is founded on the
estimation that one spotter is required for a glass separation system in
any MSW processing plant that can be reasonably anticipated. Thus

NTp = Nsp =1 (16)

The entire system shown in Figure 5.1, then, requires two equipment
operators in the control room and three spotters. Assuming a fully bur-

dened wage rate of $25 per hour for both equipment operators and spotters

yields, from Eq. 11,
Cy, =¥25(2) +*+25(3)

$125/hr
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Substituting this value in Eq. 10 and noting that the mass input to
the system is 60 Mg/hr yields a unit cost for labor of $2.08/Mg.

5.3.2 Energy

The specific energy requirements (i.e., energy per unit mass of
feedstock to a given unit process) for each unit process (EO) are mod-
eled in a preceeding section of this report and are summarized in Table
5.3. A1l of the energy is in the form of electricity.

The unit cost of energy for unit operation j is
UCEj = PEgj (17)
where:

UCEj = unit cost of energy for unit operation j (8/Mg);
P = price of electrical energy (3/kWh); and

on = specific energy requirement for unit operation j.

The price is an input to the model.

The unit cost of energy for the entire processing system is given
on the basis of a unit mass of MSW feedstock to the plant,

z < M.
: (UCEJ mJ)

uce_ - 3 (18)
e

Mg

where:

UCE, = unit cost of energy for the processing system (3/Mg);
;= mass throughput rate to unit process J (Mg/hr); and
M, = mass throughput rate to the processing system (Mg/hr).

5.4 MAINTENANCE COSTS

The unit cost of maintenance for each unit operation is given in
the following section. The costs are summarized in Table 5.4.

5.4.1 Shear Shredding

One manufacturer of shear shredders estimated the unit maintenance

cost of a shear shredder to be about 30.80/Mg, 90 percent of which is for
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Table 5.3. Specific Energy Requirements

Unit Operation

Equipment

Specific Energy (kWh/Mg)

Size Reduction

Screening

Glass Separation

Non-Ferrous Separation

Shear Shredder

Disc Screen

Jig, Froth Flotation, etc.

Screen, Eddy Current
Separator, and Air Knife

n bs
e A
[1’:1 s °‘] i




Table 5.4. Unit Costs of Maintenance

Type of Unit Cost

Unit Operation Equipment (8/Mg)
Size Reduction Shear Shredder 0.80
(Primary and Secondary)
Screening Disc Screen 0.20
Glass Separation Jig, Froth Flotation, etc. 0.4 + 2/t
Non-Ferrous Material Screen, Eddy Current 0.30
Recovery Separator, and Air Knife

blade maintenance. A second manufacturer estimated total operating and
maintenance costs of up to $3/Mg for a 50 Mg/hr shredder. The $3/Mg

value includes depreciation, direct and indirect labor, power, parts, re-

pairs, and cutter reconditioning. Cutter reconditioning alone was esti-

mated by the manufacturer to cost $0.66 to $0.88 per Mg which is in rough
agreement with the estimate for blade maintenance given above.

The data collected from manufacturers did not permit a differentia-
tion to be made between the unit cost of maintaining a shredder used for
primary size reduction and one used for secondary size reduction. Using
the available data, the maintenance cost for shear shredding is estimated

to be $0.80/Mg.

5.4.2 Disc Screening

No maintenance cost data were available from disc screen manufac-

turers. There are two disc screens at the Ames resource recovery plant
Based upon cost data supplied

for which maintenance costs are available.
unit cost of

by the plant personnel and CRS engineering judgment, the
maintenance for disc screens is estimated as 30.20/Mg.

5.4.3 Glass Separation

Maintenance costs for each of the ma
glass separation system were estimated by suppliers of the equipment.

jor pieces of equipment in the
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The estimated maintenance costs are about 6 percent of the uninstalled

equipment cost per year. The installed equipment cost is given in Eq.

3. By accounting for the adjustment for the installation of 75 percent
and by assuming 2000 hours per year of operation, the unit cost of

maintenance is calculated to be

UCM. = 0.4 + (19)

G

LY

where:

UCM; = unit cost of maintenance of a glass separation system (8/Mg);
and

h rated feedstock flowrate (Mg/hr).

5.4.4 Non-Ferrous Separation

The key piece of equipment of the aluminum recovery system is the
eddy current separator. Most commercial-scale MSW processing plants do
not include eddy current separators (ECS), and some of the plants that
have ESC units have stopped using them. Only one manufacturer provided
data which CRS considered reliable and reasonable. For a 6 Mg/hr alumi-
num separator, the manufacturer specified 2 hr/wk of maintenance labor
and 2.5 percent of the capital cost ($120,000) per year for supplies. At
a wage rate of $30/hr and 2,000 hours of operation per year, this yields
a unit maintenance cost of $0.50/Mg of feedstock to the eddy current
separator.

The remainder of the aluminum recovery system comprises a trommel
screen preceding the eddy current separator and an air knife following
the separator. About 80 percent of the mass entering the system is re-
moved by the screen. Therefore, the unit maintenance cost of the eddy
current separator is 30.10/Mg of feedstock to the system. The screen
costs about $.20/Mg to maintain. The air knife receives as feedstock
about one thirtieth of the feedstock to the system. Assuming that main-
tenance of the air knife is similar to that of an air classifier (8.30/
Mg), its unit cost is about $0.01/Mg of input to the system.

The total unit maintenance cost for the aluminum separation system
is taken to be $0.30/Mg.
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5.5 RESIDUE DISPOSAL COSTS

The residue disposal costs are modeled on a plant-wide basis rather
than on a unit process basis because the output from one unit operation
is often the feedstock to another unit operation. The unit cost of
residue disposal is,

UCR = mfr X Cr (20)

where:

UCR = unit cost of residue disposal (3/Mg of feedstock to the

system);
mfr = mass fraction of MSW feedstock that is disposed; and
C. = cost of disposing residue (8/Mg).

The cost of disposal, Cr’ includes the cost of transporting the residue
from the processing plant to the disposal site as well as the cost of
disposing it. The mass fraction to be disposed (mfr) is an input to

the economic model and is determined from the mass balance model. It is
equal to one minus the sum of the mass fractions recovered as salable

materials.

5.6 REVENUE

The income from the sale of recovered materials is modeled on a
plant-wide basis because allocating revenues to a particular unit opera-
tion is arbitrary when more than one unit operation contributes to the

recovery and upgrading of the material. The unit revenue is

UR = (mfc, x Pe ) * (mf e x Prge) * (mf e x P o) (21)
+ (mf_ x P
(m g X g)
where:
UR = unit revenue from the sale of recovered materials (8/Mg of

raw MSW feedstock);
= mass fraction of raw MSW recovered as ferrous scrap;

mf =

fe
mfrdf - mass fraction of raw MSW recovered as refuse derived fuel;
mfnf = mass fraction of raw MSW recovered as non-ferrous scrap;
mf = mass fraction of raw MSW recovered as glass;
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Pfe = price of ferrous scrap, FOB the processing plant; and

Prdf = price of refuse derived fuel, FOB the processing plant; and
Pnf = price of non-ferrous scrap, FOB the processing plant; and
Pg = price of glass, FOB the processing plant.

The mass fractions are determined from the mass balance model pre-
sented in this report and in the Task 3 Report. The prices are inputs to
the model and are assigned by the user of the model.
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